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Abstract 
Ultrafast optical signal processing, which shares the same fundamental principles of electrical 
signal processing, can realize numerous important functionalities required in both academic 
research and industry. Due to the extremely fast processing speed, all-optical signal 
processing and pulse shaping have been widely used in ultrafast telecommunication networks, 
photonically-assisted RF / micro-meter waveform generation, microscopy, biophotonics, and 
studies on transient and nonlinear properties of atoms and molecules. In this thesis, we 
investigate two types of optical spectrally-periodic (SP) filters that can be fabricated on 
planar lightwave circuits (PLq to perform pulse repetition rate multiplication (PRRM) and 
arbitrary optical waveform generation (AOWG). 
First, we present a direct temporal domain approach for PRRM using SP filters. We 
show that the repetition rate of an input pulse train can he multiplied bya factor N using an 
optical filter with a free spectral range that does not need to be constrained to an integer 
multiple of N. Furthermore, the amplitude of each individual output pulse can he 
manipulated separately to form an arbitrary envelope at the output by optimizing the 
impulse response of the filter. 
Next, we use lattice-form Mach-Zehnder interferometers (LF-MZI) to implement the 
temporal domain approach for PRRM. The simulation results show that PRRM with 
uniform profiles, binary-code profiles and triangular profiles can be achieved. Three silica-
based LF-MZIs are designed and fabricated, which incotporate multi-mode interference 
(MMI) couplers and phase shifters. The experimental results show that 40 GHz pulse trains 
with a uniform envelope pattern, a binary code pattern "1011" and a binary code pattern 
"1101" are generated from a 10 GHz input pulse train. 
Finally, we investigate 2D ring resonator arrays (RRA) for ultrafast optical signal 
processing. We design 2D RRAs to generate a pair of pulse trains with different hinary-code 
patterns simultaneously from a single pulse train at a low repetition rate. We also design 2D 
RRAs for AOWG using the modified direct temporal dornain approach. To demonstrate the 
approach, we provide numerical examples to illustrate the generation of two very different 
waveforms (square waveform and triangular waveform) from the same hyperholic secant 
input pulse train. This powerful technique hased on SP filters can he very useful for ultrafast 
optical signal processing and pulse shaping. 
.. 
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D' , nesume 
Le traitement optique ultra-rapide des signaux, basé sur les mêmes principes qu'au niveau 
électronique, est en mesure d'implémenter plusieurs fonctionnalités requises aussi bien au 
niveau de la recherche académique, que de l'industrie. Etant donne son extrême rapidité, le 
traitement optique de signaux ainsi que le contrôle de la forme des impulsions optiques sont 
extensivement utilisés dans les réseaux de télécommunications optiques ultra-rapides, dans la 
génération optique ment • 1 asslStee des ondes millimétriques/ radio, . . ITI1croscople, 
biophotonique, ainsi que dans l'étude des phénomènes transitoires et des propriétés non-
linéaires des atomes et des molécules. Dans cette thèse, nous étudions deux types de filtres 
optiques spectralement périodiques qui peuvent être fabriqués sur des circuits photoniques 
planes pour effectuer la multiplication du taux de répétition des impulsions, ainsi que pour la 
génération des signaux a profil arbitraire. 
En premier lieu, nous présentons une approche temporelle directe pour la multiplication 
du taux de répétition en utilisant des filtres spectralement périodiques. Nous démontrons 
qu'il est possible de multiplier le taux de répétition d'un train d'impulsions par un facteur N 
en utilisant un filtre optique dont le free spectral range ne doit pas nécessairement être un 
multiple entier de N. De plus, l'amplitude de chaque impulsion peut être manipule pour 
générer une enveloppe arbitraire en optimisant la réponse temporelle du filtre. 
Par la suite, nous démontrons l'approche temporelle directe en concevant des 
interféromètres Mach-Zender «lattice form ». Les simulations montrent que la 
multiplication du taux de répétition des impulsions avec une enveloppe aussi bien uniforme 
qu'arbitraire peuvent être effectues. Trois tels interféromètres sont fabriques en utilisant la 
technologie de circuits planaires en silice, et les résultats expérimentaux démontrent que des 
li 
trains d'impulsions a 40 GHz peuvent être réalisés avec des séquences de «1 1 1 1 » , 
« 1 0 11 »et« 11 0 1 »a partir d'un train d'impulsions de 10 GHz. 
Finalement, nous examinons des vecteurs bidimensionnels de résonateurs circulaires pour 
le traitement de signaux ultra-rapides. Nous concevons deux tels systèmes pour générer une 
paire de trains d'impulsions avec des codes binaires distincts, simultanément d'une seule 
source d'impulsions a basse fréquence de répétition. Nous concevons aussi deux vecteurs 
deux-dimensionnels de résonateurs circulaires pour effectuer la génération de signaux a 
profil arbitraire en utilisant une approche temporelle directe modifiée. Pour démontrer cette 
approche, nous donnons des exemples numériques qui démontrent la génération de deux 
signaux totalement différents (un a profil rectangulaire, le deuxième au profil triangulaire) a 
partir de la même impulsion sécante d'entrée. Cette puissante technique basée sur les filtres 
optiques spectralement périodiques peut être très utile pour le traitement de signaux optiques. 
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Chapter 1: Introduction 
Chapter 1 Introduction 
1.1 Background 
Ultrafast optical signal processing has attracted numerous attention in both academic fields 
and industry. Due to the invention of ultrafast laser technology, picosecond and 
femtosecond pulses can be generated directly from turn-key lasers, which push the frontiers 
of indus trial and academic technologies. For example, in the telecommunication industry, the 
transmission capacity in a single fiber can be greatly increased to terabit! s using ultrafast 
optical signal processing technology while the speed limit only lies in the pulse width that 
can be generated, instead of electronic modulation speed. Optical signal processing creates 
functionality that surpasses the fastest electronic devices by several hundred times. Optical 
signal processing can aIso be used for microscopy. The resolution of optical microscopy can 
be dramatically improved from the sub-micrometers to the ten nanometer range when 
ultrashort optical pulses and ultrafast optical signal processing technologies are used. This 
also oHers new diagnostic tools for medicine and bio-medical industry. In chemistry and 
mate rial science, ultrafast optical signal processing technology can greatly help the studies in 
transient and nonlinear properties of all kinds of chemical motions and interaction between 
atoms and molecules. 
One of the most important applications of ultrafast optical signal processing is in the 
telecommunication industry. In the past 15 years, the rapid increase of data traffic places 
high demands on the performance of the whole telecommunications network in terms of 
capacity and flexibility, primarily driven by the rapid increase of data traffic from 
exponentially increased internet based business, such as high-speed internet, VoIP, Video-
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On-Demand etc. AIthough optical fiber can provide tens of terabits information capacity, 
only a small portion of that bandwidth can be used with current commercially available 
technologies because of the bottlenecks of electric-to-optical (EO) conversion and electronic 
signal processing speed. Much research has been focused on using different multiplexing 
techniques to increase the total capacity in a single fiber, such as optical cime-division 
multiplexing (OIDM) and optical code-division multiple access (OCDMA) as weIl as weIl-
known wavelength-division multiplexing (WDM) techniques [1-7]. As the more bandwidth 
and the ultrahigh transmission bit-rate are used in the networks, system flexibility becomes 
another very important factor as weIl as the capacity. Realizing many important signal 
control functions in a fast and flexible maimer, such as signal generation and re-generation, 
add/ drop, switching, routing and etc., is one of the biggest challenges due to the slow 
electrical-to-optical conversion speed [8]. 
The present techniques for signal control and processing are mainly based on electrical 
signal processing technologies, in which optical-to-electrical (OE) and EO conversions are 
required before and after signal processing. AIthough the electric-based signal processing is 
quite powerful and most of functions can be realized by the proper electrical circuits, it has a 
few critical drawbacks: 
(1) Optical-to-electrical-to-optical (OEO) convemon is always required in those 
function modules, which slows down the processing speed and rnakes the 
module complex and expensive. This problem becomes extremely worse in 
multi-channel systems, such as DWDM systems, where complicated Mux and 
DeMux are needed at each accessing point and multiple OEO conversion 
circuits are required. 
2 
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(2) The electric-based signal processing makes the network "dark" due to the OEO 
conversion and the information contained in the original signals has to be rebuilt 
at each OEO conversion. Although sorne negative effects, such as jitter, can he 
removed from this signal rebuilding, the transparency of an optical network has 
been ruined. 
(3) The electric-based signal processing cannot deal with the signais with very high 
bandwidth or with ultra-fast speed due to the nature of electronic circuit 
processing speed. The electronic circuits can only deal with optical pulses at a 
low repetition rate around 40 Gbitl s, which is far from the repetition rate that 
can be achieved in optical domain. Therefore, optical signal processing, which 
eliminates the OEO conversion and bottlenecks placed byelectrical circuits, will 
play more important roles in future ultrafast optical networks to perform 
numerous functionalities, such as signal amplification, switching, addl drop, and 
optical 3R AIso the direct optical signal processing technologies provide strong 
tooIs to make full use of the available optical bandwidth in a flexible and 
intelligent manner. 
Many efforts have been done by researchers in looking for all-optical solutions for sorne 
function modules used in optical networks, such as optical amplifiers. The invention of 
erbium-doped fiber amplifier (EDF A) brings tremendous advantages for the optical 
networks and the optical re-amplification bec orne extremely fast, simple and inexpensive [9]. 
This device is so successful which greatly enhances the total transmission distance in optical 
networks without OEO conversion. However, un1ike EDFA, most all-optical function 
modules are quite difficult to realize, such as ultrafast pulse train generation and optical 
waveform generation, mainly due to the fact that there are no optical memoty or optical 
3 
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(PUs to process the optical signais in a regular way as commonly used in electric-based 
signal processing techniques. Therefore, special techniques for ultra-fast optical signal 
processing are required to investigate. 
1.2 Optical Signal Processing 
Optical signal processing, which shares the same fundamental princip les of electrical signal 
processing, can realize numerous important functionalities in ultrafast optical 
communications such as optical waveform/ pattern generation, ultrafast pulse repetition-rate 
generation and multiplication (up to terabit! s), pulse compression, pulse dispersion 
compensation, all-optical switching, routing and all-optical 3R regeneration, in aIl of which 
additional OE 0 conversions are not required [10-14]. In optical signal processing, optical 
signais are processed and marupulated purely in optical domain, and therefore the processing 
speed is directly related to the propagation cime of the optical signal in the medium, which 
can be much faster than the electronic signal processing speed. Due to the ultrafast 
processing speed, optical signal processing is not only important in ultrafast optical 
telecommunication systems, but also in many scientific are as , such as optical sampling, 
mate rial detection, studies on the transient properties of solid-state, chemical and biological 
mate riais or molecules, and biophotorucs [15-21]. 
Among all functionalities that optical signal processing can deal with, ultrafast pulse train 
generation and shaping with arbitrary envelope patterns as well as ultrafast arbitrary optical 
waveform generation (AOWG) has attracted many attentions. This is partially triggered by 
the invention of ultrashort pulsed lasers, in which picosecond and femtosecond pulses are 
successfully generated using state-of-art solid-state lasers and mode-Iocked fiber lasers [22, 
4 
Chapter 1: Introduction 
23]. However, a high repetition rate of the pulse train cannot be obtained directlyfrom those 
lasers due to the electronic modulation speed limit, even though extremely high repetition 
rate can be achieved theoretically with those narrow pulses. Hence, optical signal processing 
techniques for pulse repetition rate multiplication (PRRM) can be very useful to solve the 
problem mentioned above and to generate ultrafast pulse trains with the original ultrashort 
pulse width. 
Techniques for PRRM with uniforrn envelope patterns have been demonstrated [24-27], 
by which tens of and hundreds of GHz pulse trains are generated From pulse trains at low 
repetition rate. However, sorne applications require not only uniforrn pulse trains, but also 
ultrafast binary-code pulse trains or ultrafast pulse trains with user-defined patterns. This 
normally requires an additional modulation device to alter the pattern of the ultrafast pulse 
train generated by PRRM. It would be interesting to investigate approaches that can perforrn 
PRRM and envelope pattern generation simultaneously. Note -that the binary-code patterns 
or user-defined patterns can be used in generating optiCal packet-headers or labels in packet-
switched networks, in optiCal code-division multiple access systems, and for photonically-
assisted generation of microwave and millimeter waveforrns [1, 4, 28]. 
Furtherrnore, sorne applications may require ultrafast AOWG, m which special 
waveforrns such as rectangular waveforrns, triangular waveforrns and arbitrary waveforrns 
are required in analogy with electronic function generators [15]. Therefore, optical signal 
processing techniques for all-optical ultrafast pulse train generation, envelope pattern 
generation and waveform shaping are worth to investigate as weIl as the investigation for 
ultrashort pulsed lasers. 
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1.3 Integrated Optics 
The traditional optical signal processing techniques require many bulk opucal components 
such as prisms, lenses and mirrors, which must be mounted on a vibration-proof table and 
the whole experirnental setup occupies a large amount of table space. Those techniques can 
be demonstrated in laboratories, but may not be very practical in real applications which 
need compact designs, easy fabrication and good tolerance to vibration and alignment. The 
emergence of integrated opucs can greatly help to solve sorne of the critical problems 
existing in the traditional method for optical signal processing. 
The goal of the integrated optics is to develop a compact optical device with multiple 
functionalities built on a common substrate, where many important functions, such as 
splitting; coupling, amplification, switching etc., can be realized and integrated into a single . 
device. Instead of using free-space as the light propa:gating media, light is confined in a 
waveguiding layer, which is deposited on the surface or buried inside a substrate. Since aIl 
subsystems or different function modules are integrated and fabricated on a common 
substrate, the intemallight paths in one subsystem and connection light paths between two 
subsystems can be weIl built into the device. The alignrnent and vibration-proof problems, 
which may cause many troubles in bulk optical devices, do not exist any more in integrated 
optical devices. WÎth integrated optical technology, many important features, such as 
ultrafast operation speed, stable alignment, easy control of the guided modes, and high 
optical power density, can be realized in a compact, low-cost device. 
Optical integrated circuits can be divided into two categories: monolithic integration and 
hybrid integration. In monolithic integration, aIl the optical components are incotporated in 
a single substrate, including ail active and passive components and even electronic circuits 
that provide power supply and contraIs for the whole chip. However, it is not easy to find a 
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,-.. single substrate to achieve a full monolithic integration. This is because certain mate rials (e.g. 
semiconductors) are more suited to make active components whereas others (e.g. glass and 
polymers) are more suited for passive components. Besides, semiconductor materials used to 
make the active optical components may not be suitable to make the electrical driving 
circuitry. Furthermore, different types of active components such as lasers, detectors and 
amplifiers, normally need to build on the different semiconductor mate rials in order to 
achieve the best performance . .As a result, hybrid integration may be required. In hybrid 
integration, the passive components and active components can he fabricated on different 
substrates while additional interconnects or optical fibers are used to connect optical signals 
among different substrates. Numerous mate rials can be selected to impie ment hybrid 
., 
integration, such as semiconductor, glasses, silica and polyrner mate rial. 
Many optical integration circuits have been dèsigned and fabricated to realize complex 
functions with monolithic or hybrid integration technologies. Radhakrishnan et al. 
demonstrate 100 Gbit! s DWDM transmitter and receiver photonic integrated circuits, which 
are realized through the integration of over 50 discrete functions onto a single monolithic 
InP chip [29]. Hashimoto et al. demonstrate optical hybrid integration technique with planar 
lightwave circuit platform using optical multichip assembly procedure which can effectively 
overcome the alignment problems between substrates and optical elements [30]. Eamshaw 
et al. design and fabricate reconfigurable optical add-drop multiplexers (ROADM) that are 
implemented in standard silica-on-silicon planar lightwave circuits [31]. Ji et al. demonstrate 
the use of monolithic InP-based PLCs to realize ()(])MA systems, in which a mode-Iocked 
laser, encoder/ decoder and a detector are integrated in a 4 x 1 cm photonic chip [32]. Those 
integration techniques offer potentials to eliminate the alignment difficulties and possible 
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mechanical movements between optical function modules, reduce power dissipation, 
increase reliability of the device and most importantly realize complex functionality. 
1.4 This Thesis - A Direct Temporal Domain Approach for Optical 
Signal Processing 
This thesis is focused on theoretical and experimental investigations on a direct temporal 
domain approach for ultrafast optical signal processing and its implementation using planar 
lightwave circuits (PLq. A direct temporal domain approach is a nove1 approach to perfonn 
PRRM with arbitrary envelope shaping, which is very different from the traditional spectral 
domain approaches. The PLC is one category of integrated optical devices, which is built on 
optical planar waveguide technology. Since the lightwave paths and subsystems are 
seaIIÙessly integrated and connected in a PLC,. the coupling loss and mode mismatch are 
minimized. Subsystems that can perfonn functions such as splitting, combining, coupling, 
and etc., can he integrated into one PLC Therefore, a complex and compact PLC can he 
built to realize a wide range of functions for ultrafast optical signal processing. 
In this thesis, we investigate the foilowing issues: 
(1) We develop a nove1 direct temporal domain approach for PRRM with arbitrary 
envelope shaping. It will be shown that the temporal domain approach is more 
straightforward and simpler than the traditional spectral domain approach to 
perfonn PRRM. 
(2) We design lattice-fonn Mach-Zehnder Interferometer (LF-MZI) optical filters to 
perfonn PRRM with unifonn envelope patterns, binary-code envelope patterns, 
and triangular envelope patterns. Practical LF-MZI designs as weil as subsystem 
designs in PLCs are investigated using simulations and experiments. 
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(3) 2-dimensional ring resonator arrays (RRAs), which can be configured to function 
as combined amplitude-and-phase filters or phase-only filters, are explored to 
pedorm PRRM with binary-code patterns using the direct temporal domain 
approach. 
(4) We theoretically demonstrate the use of 2D RRA and the modified temporal 
do main approach to perform AOWG. All-optical square waveform generation 
and triangular waveform generation are investigated. 
1.5 Organization of Thesis 
The remainder of this thesis is organized as follows. Chapter 2 will give an overview of 
cUITent technologies for optical signal processing, PRRM wirh envelope shaping and 
waveform generation. Chapter 3 will introduce a direct temporal domain approach for 
PRRM using spectrally-periodic (SP) filters. Based on the theory, we theoretically show that 
LF-MZIs can be used to perform PRRM with arbitrary envelope shaping in Chapter 4. 
PRRM with a uniform profile, with binary code profiles, and with a triangular profile are 
demonstrated with simulations. 
In Chapter 5, we will present a systematic studyof LF-MZI design and implementation 
using silica-based PLCs. A detailed description of the waveguide mate rial and the waveguide 
structure used in the designs will be introduced first, followed by designs of couplers, 1 st 
PLC chip and 2nd PLC chip. Finally, we will present the experimental results of 40 GHz 
pulse train generations with a uniform pattern and binary-code pattern "10 Il'' and "1101". 
In Chapter 6, we will illustrate the use of PLG based 2D RRAs to perform PRRM using 
the temporal domain approach. In this device, two 40 GHz pulse trains are generated 
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simultaneously from a single 10 GHz input pulse train. In addition, these two output pulse 
trains can have different binary-code patterns. In Gapter 7, we will explain the modified 
temporal do main approach which can be used for AOWG. And using simulations, we will 
illustrate the use of 2D RRA to perform square waveform generation and triangular 
waveform generation from a hyperbolic secant pulse train. 
1.6 Contributions to Thesis 
The key research results from this thesis have been or will be published in the following 
journal and conference papers. And as the first author in the following papers, 1 developed 
the theory of "the direct temporal domain approach for optical signal processing", designed 
, silica:based PLC waveguide devices and performed simulation and experiments. 
Journal Papers: 
[1] B. Xia and L. R Gen, "A direct temporal domain approach for pulse-repetition rate 
multiplication with arbitrary envelope shaping," IEEE J. Selecar1 Tapies in Qtantum 
Electronics, vol. 11, no. 1, 200S, pp.16S-172. 
[2] B. Xia and L. R Gen, "Arbitrary optical waveform generation using 2D nng 
resonator arrays," Optics Express, vol. 14, no. 1S,July2006, pp.6619-6627. 
[3] B. Xia and L. R Gen, "Ring resonator arrays for pulse repetition rate multiplication 
and shaping," IEEE Phaanù:s TexlmdagyLetters, vol. 18, no. 19, July 2006, pp. 1999-
2001. 
[4] B. Xia, L. R Gen, P. Dumais, and C. L. Callender, "Ultra-fast binary code pulse 
train generation using planar lightwave circuits," Electronics Letters, vol.42, no.19, 2006, 
pp. 1119-1120. 
Conference Papers: 
[S] B. Xia and L. R Gen, "A direct time-domain approach for pulse repetition rate 
multiplication using spectrally-periodic filters," 2r Qœen's Urrù.ersity Biennial 
Syrr{JŒiumon OJrnnunications, Kingston, ON,2004. 
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B. Xia and L. R Chen, "Optical signal processing and pulse shaping using 2D ring 
resonator arrays," 23rd Qtœn's Uniwsity Biennial Syrr{JŒiuman Comrrunications, Kingston, 
ON,2006. 
[7] B. Xia, L. R Chen, P. Dumais and C. L. Callender, "Ultrafast binarycode pulse train 
generation using planar lightwave circuits," IEEE LEOS 19'" Annual Mœting, 
Montreal, QC, 2006. 
[8] B. Xia and L. R Chen, "Ultrafast photonic signal processing using 2D ring resonator 
arrays designed with the direct temporal domain approach," IEEE LEOS 1:r 
A nnual Mœtirlg. Montreal, QC, 2006. 
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2.1 Introduction 
Chapter 2: Overviewof current technologies 
Overviewof Current Technologies for 
Ultra-fast Optical Signal Processing 
Numerous powerful ultra-fast optical signal processing and pulse shaping technologies have 
been developed over last few decades since the ultrashort pulsed lasers have been invented. 
The most widely used technique for ultrafast optical signal processing is linear filtering with 
spectrum analysis, which has been developed in communication theory and electronic signal 
processing. Spectrum analysis is a powerful technique that is commonly used to analyze the 
frequency response of the temporal signals since sorne important information contained in 
the signal cannot be seen directly in the temporal domain expressions. The Fourier 
transform, which is a very useful tool to convert a temporal signal expression into a 
frequency domain expression, plays a very important role in spectrum analysis. Note that 
two expressions in the temporal domain and the frequency do main represent the same signal 
and they can be converted into other do main by the Fourier transfonn without anyaliasing. 
When the spectral distribution of the signal has been obtained with the spectrum analysis, 
many linear filtering techniques can be introduced to process the signal to achieve required 
spectral functions as weil as temporal functions. 
The other category of CUITent techniques for ultrafast signal processing is nonlinear signal 
processing. A variety of functions, which are difficult to achieve with linear filtering, can be 
realized by nonlinear optical signal processing techniques and proper nonlinear mate rial. A 
wide range of nonlinear optical signal processing devices has been proposed and 
demonstrated. And the most commonly studied nonlinear phenomenon for signal 
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processing are (1) nonlinear effects in optical fiber for optical pulse compression, optical 
switching and optical regeneration [33-37], and (2) nonlinear effects in optical planar 
waveguides [38, 39] and photonic band-gap structures [40-43]. 
In this thesis, we focus on discussing the linear filtering approaches for optical signal 
processmg. 
2.2 Linear Filtering 
The linear filtering process requires that the optical filter used in the system must be linear 
and tÏme-invariant and therefore, Fourier transform can be applied to the system. The 
process can be described as follows: 
e (t) = le lej"out = e· (t) ® h(t) 
out 0111 zn 
(2.1) 
where ein and eout are input! output field expressions and h(t) is the impulse response of the 
optical filter. Note that in sorne applications onlyamplitude leotl!1 (or intensiryJ at the output 
is important while phase term r/Jout can be ignored and vice versa. E in ({))) , Eout(OJ) and 
H( ())) are corresponding frequency responses of the signal input, signal output and the filter 
impulse response, respectively. If magnitude of the frequency response IH(OJ)I is a constant, 
the filter becomes a phase-only filter; if <l> Filter is constant or linear with frequency, the filter 
becomes an amplitude-only filter; otherwise, the filter is combined amplitude and phase filter. 
Since there is no convolution operation in the frequency domain, spectrum analysis is 
desirable and easy to perform. The required frequency response of the optical filter can be 
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easily obtained if we know the spectra of the input and the output. Note that both amplitude 
and phase response of the optical filter are required simultaneously since they are equally 
important to the output. With the spectrum analysis, the key issue for optical signal 
processing becomes how to find an optical filter with such a frequency response. In fact, 
most of the optical filters are type of the spectral filter; their frequency responses H( ûJ) can 
be easily obtained and optimized with proper designs while the corresponding impulse 
response h(t) must be calculated From H(w)using inverse Fouriertransforrn. 
Although the required H( ûJ) can be easily calculated theoretically, it is quite difficult to 
find a universal filter structure which can practically provide arbitrary frequency response to 
the system because the required H( w) can be very irregular and arbitrary. Many types of 
linear filtering techniques have been investigated in order to find general methods and filter 
structures which can practically provide the required frequency response. The most popular 
methods among linear filtering are spatial filtering techniques using "time-to-space" 
conversion apparatus and spectral synthesis techniques. The spatial filtering can manipulate 
the frequency response of each individual frequency component independently through 
"time-to-space" conversion apparatus thereby forming any arbitrary spectrum. In spectral 
synthesis, the frequency responses of ail frequency components of the filter are altered 
simultaneously as the filter parameters vary. Powerful optimization algorithms are normally 
required in spectral synthesis and filter designs. 
2.2 Spatial Filtering with "Time-To-Space" Conversion 
Spatial filtering with "time-to-space" conversion is one of most powerful and successful 
techniques to perform optical signal processing and pulse shaping. The "time-to-space" 
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conversion apparatus was originally introduced by Froehly [44] and adopted by Weiner et al 
[15,45]. The setup is shown in Fig. 2.1. The significant characteristic of this setup is that the 
spectral components of the input signal are spatially separated by going through a diffraction 
grating and a lens. Then the amplitude and the phase of each spectral component can be 
manipulated separately by a spatial filter or a spatial filter array, by which an arbitrary 
frequency response can be created as long as the spectral resolution of bulk components is 
good enough. Optical fùters that do not have a strong spectral dependence can be used as 
the spatial fùter in this apparatus, such as programmable liquid crystal modulator arrays [46-
47], microlens arrays [48], acousto-optic deflectors [49] and holographie masks [50]. 
Figure 2.1 The general configuration of "time-to-space" conversion apparatus (A.M. 
Weiner, "femtosecond optical pulse shaper and processing" [2]). 
Since the "time-to-space" conversion apparatus acts as a linear fùter, Fourier transform 
can be used to calculate and characterize the system. The frequency response can be 
expressed as E(JlII (OJ) = E in (OJ) . H (OJ), where EÙ' (OJ) and EOIII (OJ) are the spectra of the input 
and output signaIs, respectively. H(OJ) is the complex frequency response of the apparatus 
which incorporates the responses of gratings, lenses and the mask (or the filter) placed in the 
middle. If we use M(x) to represent the transmittance of the mask in the spatial domain, and 
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if one takes the filter function H(m) to be the coefficient of the lowest Hermite-Gaussian 
mode in the expansion of E(x,OJ) [51], the filterfrequencyresponse can he written as 
(2.2) 
where lX is the spatial dispersion with units cm (rad/ S)'1 and 'U6 is the radius of the focused 
beam at the masking plane. Form Eqn. (2.2), H('lR) is proportional to M(x) and can he easily 
manipulated by spatial mask with proper transmittance. 
The advantages of linear filtering with "time-to-space" apparatus are as follows. First, 
since the spectral components can be manipulated individually, a complex spectrum shape 
with arbitrary amplitudes and phase components can be formed at the output. Furthermore, 
programmable spatial filters can be implemented in the system to achieve tunable optical 
signal processing devices. Second, spatial filtering ~ easy to achieve in the system Many 
simple filter structures or even a simple light blocker can be uied to manipulate the spectrum, 
which gives more flexibility for filter designs. Third, the approach is univers al and many 
functionalities can be obtained by this method. Indeed, the spatial filtering with "cime-te-
space" conversion apparatus is successful and still attracts many attentions in optical signal 
processing research. 
However, there are sorne obvious drawbacks of the spatial filtering technique. For 
example, the "time-to-space" apparatus occupies a quite large space due to the heavy usage 
of many bulk optical components, which makes it difficult for practical integration with 
current commercial components and subsystems in optical fiber telecommunication 
networks. In addition, since alllight paths are in free space or bulk optical components, the 
common problems existing in bulk optics, such as huge optical losses, difficulties in 
alignment setup and vulnerability to environmental changes, seriously decrease the likelihood 
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of practical system integration and packaging. Most systems are only achieved in laboratory 
to our knowledge. Therefore, alternative techniques which can totallyavoid the use of bulk 
optical components and "time-to-space" conversion mechanism are highlydesired. 
2.3 Spectral Synthesis 
Arbitrary spectrum can also be formed by spectral synthesis using optical filters which have 
large degree of freedom to manipulate their spectra by varying their design pararneters 
without any "time-to-space" conversion or similar apparatus. Although the frequency 
response of each individual frequency components cannot be controlled independently by 
the filter, a required frequency response H( (jJ) can also be formed by optimizing the filter 
parameters. Since the "time-to-space" conversion apparatus is not required, a compact 
device can· be achieved by this technique. However~ the required H( (jJ) can be very irregular 
in general optical signal processing and it is not trivial to form an arbitrary H( (jJ) using any 
kinds of optical filters in the current market. Many approaches are developed to synthesize a 
required frequency response based on one type of optical filter characteristics, in which 
sorne specifie functions can be achieved. Numerous methods have been reported to perform 
optical signal processing functions using spectral synthesis. Sorne popular optical filters used 
for spectral synthesis are generalized as follows: 
(1) Using chirped fiber Bragg gratings (FBG) and temporal Talbot effect [52] to 
perform PRRM [53, 54]. In this approach, a chirped FBG is used to synthesÏze a 
spectrum with a linear group delay, in which the input repetition rate can be 
multiplied to N times if sorne conditions are satisfied. Generations of 40 GHz to 
170 GHz ultrafast pulse trains are experimentally demonstrated by several groups 
using chirped FBGs and temporal Talbot effect [24, 55-58]. 
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(2) Using arrayed waveguide gratings (A WG) to generate ultrafast pulse bursts and 
pulse trains [26, 59-61]. 500 GHz pulse bursts with a flat-top envelope are 
obtained from a 1 MHz input pulse train. 
(3) Using various PLe devices to perform many kinds of complex spectral filtering 
functions. Takiguchi et al. demonstrated the use of LF-MZI to perform 
dispersion compensation [62-64] and Mizuno et al. designed LF-MZI as CWDM 
interleaver filters. Ring resonators are also quite popular for spectral synthesizing, 
which have been widely used for dispersion compensation [65-68], WDM 
filtering [69] and PRRM [70]. 
2.4 Temporal Domain Approach 
Spectral synthesis is very efficient to synthesÏze special frequency characteristics of optical 
filters if they are used to perform frequency domain functions. However, if a pure tÏme 
domain function is required to create, spectral synthesis need more Fourier transforms to 
convert signal expressions between frequency and time domains back and forth. 
Furthermore, sorne important temporal characteristics cannot be found directly from the 
spectral expressions, such as the new repetition rate and the new pulse shape at the output. 
Therefore, a direct temporal domain approach may have better performances to generate 
temporal-domain functions than the frequency domain approaches, even though the same 
type of filters are used. In a direct temporal domain approach, the frequency response of the 
optical filter is converted into the impulse response h( t) by Fourier transform while the 
manipulation of the signals is processed in temporal domain. 
18 
Chapter 2: Overviewof current technologies 
In this thesis, we develop a direct temporal do main approach for PRRM with arbitrary 
envelope shaping using SP filters as an alternative to the weIl known spectral synthesis 
method. In our approach, most expressions and manipulations are in time domain. The 
relationship between the input and the output can be seen in a straightforward manner and 
the requirements for the optical filter can be obtained easily and efficiently. In Chapter 3, a 
detailed explanation of our approach will be presented. 
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A General Theory for Pulse 
Repetition-Rate Multiplication with 
Arbitrary Envelope Shaping 
3.1 Introduction to PRRM 
Techniques for the generation, control, and manipulation of ultrashort optical pulses have 
become increasingly important in many scientific areas including, among others, ultrahigh 
speed optical time-division-multiplexed (OIDM) transmission, photonic signal processing, 
optical sampling, studies on the transie nt and nonlinear properties of mate rials or molecules, 
and biophotonics [15, 71]. In order to generate ultrahigh repetition rate pulse tràins, 
conventional modulation methods may not be suitable and therefore techniques for PRRM 
are highly desirable. 
Ultrafast optical pulse shaping techniques are traditional1y focused on frequency domain 
signal processing, whereby the different spectral components of the input pulse are 
manipulated separately. One of the most successful implementations is based on a bulk optic 
4f pulse shaper (see chapter 2.3 "time-to-space" conversion apparatus) which separates 
spatial1y the frequency components of the input pulse and uses amplitude and! or phase 
filters to process the signal [15, 72]. lndeed, this approach has been used in a variety of 
applications requiring specialized pulse waveforms. Recently, there has aIso been 
considerable interest in using dispersive optical filters, such as chirped fiber Bragg gratings 
(FBGs), to implement the temporal fractional Talbot (self-imaging) effect for PRRM [53, 55, 
73]. However, the temporal Talbot condition for obtaining good quality pulses is strict and 
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hard to satisfy. Moreover, the method is not flexible in the sense that output pulse trains 
with only uniform envelopes (profiles) can be generated. Thus, a simpler, more flexible 
technique for PRRM with envelope shaping is required. 
The use of SP amplitude and/ or phase filters for performing PRRM is weIl known and 
there have been several demonstrations of generating ultrahigh repetition rate pulse bursts or 
trains. Sizer demonstrated that a pulse train at 984 "MHz can be generated from a pulse train 
at 82 MHz using a Fabry-Pérot etalon as a static repetition rate upconverter [74]. Leaird et al 
showed that pulse bursts at 500 GHz Can be generated from a low repetition rate mode-
locked laser byusing an arrayed waveguide grating (AWG) [26, 59-61]. The AWG used in 
their experiments functions as an amplitude filter to spectrally slice the source spectrum, 
thereby generating an ultrahigh repetition rate pulse- burst. By properly stitching consecutive 
bursts, a contÏnuous output pulse train, and hence PRRM, can be achieved. Petropoulos et al 
showed that a uniform pulse train at 40 GHz can be obtained from a 10 GHz input train 
using a periodic filter with a sine-shape in the frequency domain based on a sampled FBG 
[27], and Azana et al showed the generation of 170 GHz pulse bursts using superimposed 
FBGs [24]. 
The underlying principle of PRRM using SP amplitude filters is commonly explained with 
mode-selection theory: a pulse train with a repetition rate R comprises a series of modes in 
the frequency domain which are also periodic with a mode spacing equal to R . If the 
amplitude of a SP filter has a larger mode spacing that is a multiple of R, then the output will 
have the sarne increased mode spacing, thereby resulting in an increased repetition rate of 
the input train. However, from spectral analysis only, it is not always straightforward to see 
how the amplitudes of the individual output pulses in the newly generated pulse train can be 
controlled and modulated (this is especially true when considering phase-only filtering 
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approaches). Hence, it is necessary to explore an alternative approach to explain whyand 
how PRRM can be obtained with simultaneous envelope shaping (i.e. specifying the 
amplitudes of the output pulses) using SP filters. 
3.2 Temporal Domain Approach for PRRM 
We develop an alternative temporal domain approach for PRRM with arbitrary envelope 
shaping using SP optical filters and the schematic diagram can be seen in Fig. 3.1. Although 
a frequency domain derivation can also he used, we find that the direct temporal domain 
approach is more powerful and straightforward, especially for envelope shaping. This 
approach can he applied to any SP filter, such as amplitude-only filters, phase-only filters, 
and combined amplitude-and-phase filters. We show that the repetition rate of a pulse train . 
can be multiplied bya factor N, where N is directly related to the repetition rate of the input 
pulse train and the free spectral range (FSR) of the optical filter. The individual output pulses 
maintain their original intensity shape without any distortion if the pulse width is narrow 
enough to avoid overlap of two consecutive pulses. Furthermore, in addition to multiplying 
the repetition rate, we show that we can tailor the envelope of the output pulse train to 
obtain any arbitrary profile. This feature can be used to obtain complex output profiles, such 
as binary pulse codes [75, 76] or more complex waveforms, which may be useful for many 
applications such as generating packet headers or the photonic generation of 
rnicrowave/ millimeter waveforms, or in instrumentation such as pump-probe experiments. 
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Input: a1(t) with a 
repetition rate R 
SP Filter 
H(w) Output: az(t) with a 
repetition rate N X R 
Figure 3.1 Diagram for pulse repetition rate multiplication using SP filters. 
3.3 Theory Derivation 
We begin by expressing the periodic input pulse train as follows: 
-too 
al(t)=aO(t)® Lb'(t-nT) 
n=-oo 
(3.1) 
. where ao (t) represents the complex envelope of an individual input pulse, ® is the 
convolution operator, T = 1/ R, and Ris the pulse repetition rate. A SP filter has a periodic 
frequency response which can be expressed as 
(3.2) 
where Ho (f) is the complex envelope of frequency response of the optical Ether in one 
period and TFSR is the [ùter's unit delay which is given by the inverse of the FSR: 
TFSR = 1/ FSR . Using inverse Fourier transforms, we can express the temporal domain 
impulse response of the optical [ùter h(t) as 
+00 +00 
h(t) = ho(t)· Ib'(t - n'TFSR ) = Iho(n'TFsR )l5(t - n'TFSR ) (3.3) 
n'=-CIJ n'=-o:> 
When an input pulse train passes through the optical [ùter, the output can be written as 
a2 (t) = al (t) ® h(t) 
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+00 +00 
=ao(t)® l o(t-nT)® Iho(n'TFsR)<5(t-n'TFsR) 
n=-oo n':;:;-CQ 
+00 +00 
=ao(t)® l Iho(n'TFsR)O(t-nT-n'TFsR) (3.4) 
It can be seen from Eqn. (3.4) that the output signal is periodic with a new repetition rate 
which is determined bythe original pulse repetition period T and the filter's unit delay TFSR . 
We assume ~ = N where N and D are both integers, and N is an irreducible rational 
TFSR D D 
number. 
First, we consider the simplest case where D = 1. Eqn. (3.4) then becomes 
(3.5) 
where 1 ho (n' TFSR ) 1 and ei<D", are amplitude and phase terms of ho (t) at t = n' TFSR . 5ince n 
and n' can be any integers, the term II (nN + n') forms a full set of integers regardless of 
n n' 
+00 +00 T 
the value of N. Therefore, l l oCt - (nN + n')-) has a functional form that 15 
n=-oo n'=-ao N 
equivalent to Ï o(t - p~). If the input pulse width of ao(t) is sufficiently narrow, i.e. 
p;-oo N 
two consecutive pulses at the new repetition rate will not overlap, and then the output az (t) 
is still a pulse train where the individual output pulses have exactly the same intensity shape 
as the input, b~t with a new repetition rate that is multiplied by N. 
We now generalize the above results and consider D to be any possible integer number. 
In this case, Eqn. (3.4) becomes 
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(3.6) 
The key in Eqn. (3.6) is whether (nN +n'D) can represent any arbitrary integer. 
lndeed, according to the EudideanA 19;rithm [77], (nN+n'D) can be any integer since the 
largest common divis or (including 1) of two integers A and B can be expressed as a linear 
combination of these two integers, see Appendix 1 for more details. Therefore, 
+00 +00 T 
LL8(t-(nN+n'D)-) aIso has a functional form that 15 equivalent to 
n=-ct:) n'=-oo N 
Ï: 8(t - p~). This de rives the important result that the repetition rate of the input pulse 
p=-oo N 
train can be multiplied by Neven though T = ~ TFSR • We see that Eqn. (3.4) is a special case 
of Eqn. (3.6) withD =1. As before, the term 1 ho (n'TFSR ) 1 and efl>; in Eqn. (3.6) can aIso 
be treated as amplitude and phase coefficient for the output. 
There are a fewobservations we can make from Eqn. (3.6). First, PRRM can be obtained 
by properly choosing T and T FSR • The multiplication factor N is given by 
(3.7) 
This provides a lot of flexibility for choosing the FSR of the filter to obtain a required 
value of N in order to achieve a new repetition rate. In particular, it can simplify the design 
of the optical filters since the FSR does not necessarily need to be constrained to R if we 
choose D > 1. Note that PRRM based on mode-selection corresponds to the special case of 
D = 1. For the case of D > 1, the FSR can vary in a range according to Eqn. (3.7) to achieve 
the same multiplication factor N. This may provide sorne additional flexibility in optical 
filters since a very large FSR of an optical filter may not always practically realizable due to 
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materiaVbending losses or strict requirement of fabrication accuracy. One specific example 
are ring resonator structures. In order to achieve large FSR, a ring resonator requires very 
tiny radii, which may bring bending losses. Therefore, the use of a smaller FSR would be 
desirable. 
Since the pulse width of ao (t) should be smailer than the new repetition period in order 
to avoid an overlap of two consecutive output pulses, the root mean square (RMS) input 
pulse width l1t and pulse bandwidth !1 v should satisfy the foilowing condition 
!1t < _T = _TF:_S_R = __ 1 __ 
N D D·FSR 
!1v>D·FSR (3.8) 
At the same time, the upper limit for the FSR can be also derived from Eqn. (3.8) when D 
and Mare fixed. 
Second, we can see in Eqn. (3.6) that the amplitude of each individual pulse in the output 
train is decided by the tenn 1 ho(n'TFsR ) 1. Note that Llho(n'TFSR ) 1 forms a series of 
n' 
numbers, each of which corresponds to the normalized peak of each individual pulse in the 
multiplied output pulse train. Therefore, in Eqn. (3.6), multiplying the tenn 1 ho (n'TFSR ) 1 will 
not affect the pulse shape, the pulse width, or the pulse number; the tenn 1 ho (n'TFSR ) 1 can 
be treated simply as an amplitude or weighing coefficient. Note that we ignore the phase 
tenn ePt>". since it does not have an effect on the pulse intensity. However, the phase tenn 
cannot be ignored in applications where the phase variation from pulse-to-pulse is important. 
Note further that any pulse shaping approach based on phase filtering will nominally create 
pulse-to-pulse phase variations. 
The phase terms can also be manipulated by the impulse response h(t) as weil as the 
amplitude terms in the applications where both amplitude and phase filtering are required. If 
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the applications require no pulse-to-pulse phase variations in the output pulse trains, the 
phase variations can he totally removed by using nonlinear opticalloop mirrors (NOLM) or 
other optical nonlinear conversion devices [37,78]. This will be demonstrated in Chapter 6. 
Since the amplitude of each individual pulse can be adjusted by the amplitude coefficients 
1 ho(n'TFsR ) l, an output pulse train with an arbitraryprofile can be obtained bysetting 
(n'=O:N-l) (3.9) 
If Co = Cl ... = C N-l' the output is a uniform pulse train. On the other hand, if we set Cn, 
to a set of different values, a pulse train with a user-defined profile can be obtained. In this 
latter case, in order to satisfy Eqn. (3.9), an optimization algorithm is required to obtain the 
parameters of the optical filter. The advantage of Eqn. (3.9) is that instead of synthesizing 
the entire filter impulse response ho (t) ,we only need to synthesize ho (t) = Cn , at N discrete 
cime points within a period of T. This simplifies tremendously the optimization process and 
filter design compared to the frequency domain approach. 
Third, when Eqn. (3.7)-(3.9) are satisfied, the pulse repetltlon rate will always be 
multiplied by N regardless of the pulse shape. The practicallimit is that the input pulse width 
must be narrow enough so as to avoid the interference of two consecutive pulses at the 
output as shown in Eqn. (3.8). Since femtosecond mode-Iock lasers are a mature technology, 
terahertz repetition rates can be expected. 
We summarize and compare the temporal domain approach with mode-selection theOlY 
in Table 3.1. Although PRRM can be performed by both approaches, the direct temporal 
domain approach shows sorne advantages and flexibility in filter design, narnely (1) the FSR 
of the filter does not need to be constrained to a multiple of Rand (2) we can easily see how 
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that the individual pulse amplitudes can be controlled and manipulated for performing 
arbitraty envelope shaping. 
T hl 31 S a e . f h ummary 0 t e tempora Id ornam approac hf PRRM or 
Input pulse Output pulse Spectrally periodic Spectrally periodic filter by time-domain filter by mode-tram train 
approach selection theoty 
Repetition Rate R NxR FSR=NxRlD FSR=NxR 
Pulse width b.t b.t FSR <11 (D xb.t) FSR<l/b.t (RMS) 
~. 
Individual (Arbitraty ~.= 1 ho(t) 1 (t=n'TFsJ 1 value NIA pulse amplitude 
between ° 
n'=O, .... N-1 
and 1) 
Individual 
ejCl>n' 
pulse to pulse NIA 
phase variation n'=O, .... N-1 
3.4 Summary 
In this chapter, we have presented a direct temporal domain approach for PRRM with 
arbitraty envelope shaping by using SP filters. We showed that the repetition rate of a pulse 
train can be multiplied by N using a SP filter without any pulse intensity shape distortion. 
The theoty can be applied to any SP filter, such as amplitude-only filters, phase-only filters, 
and combined amplitude-and-phase filters. Furthermore, we showed that in addition to 
multiplying the repetition rate of the input pulse train, the amplitude of each individual pulse 
at the output can be tailored to form any arbitrary profile simultaneously. Note that other 
PRRM techniques, such as the temporal fractional Talbot effect, do not have the flexibility 
to tailor the output envelope. A simple condition for obtaining PRRM with a special profile 
is given in Eqn. (3.9), which shows that rather than synthesizing the entire impulse response 
of the filter, we only need to synthesize at N dis crete points within the period T. This 
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tremendously simplifies the optimization process. In the next chapters, we demonstrate the 
use of the direct temporal do main approach for designing optical filters to perform PRRM 
with arbitraryenvelope shaping as weil as AOWG. 
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Chapter 4 Lattice-Form Mach-Zehnder 
Interferometer 
4.1 Introduction 
Based on the the ory developed in chapter 3, PRRM with arbitrary envelope shaping can be 
achieved with an SP fllter as long as the impulse response of the SP f1lter can be manipulated 
with a large degree of freedom. LF-MZI, as shown in Fig. 4.1, is a typical SP fùter and has a 
flnite impulse response (FIR). It has been widely explored in many frequency domain 
applications, such as dispersion compensator [62, 64, 79], band-pass fllter [80, 81], and 
demultiplexer [82, 83, 84]. In our research, we focus on investigating temporal domain 
applications since its temporal domain characteristics are also interesting. As more stages are 
added into a LF-MZI device, the impulse response of the device can be manipulated more 
freely and therefore, multi-stage LF-MZIs can be used to perform PRRM with arbitrary 
envelope shaping by the direct temporal domain approach we developed in chapter 3. 
rpo = 0 &, rpl .b..L, rpz &, rpm 
Output 1 
........ ~ 
~ ~ 
m-+ 
Input 2 Stage 1 Stage 2 Stage m Output 2 
Figure 4.1 Conflguration of LF-MZI; & is the length difference; rpi and Ki are 
phase shift and the coupling coefflcient of MZI at each stage. 
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,~ 4.2 Configuration and Calculation 
As shown in Fig. 4.1, an lF-MZI conslsts of multiple MZI stages, each of which 
incorporates two arms. Ill, is the ann length difference between two anns, and the FSR of 
the device is detennined by FSR = _c_ where ne is the effective index of the waveguide 
neM 
medium Ki is the coupling coefficient of the directional coupler in the i-th stage and rpi is 
an additional phase shift in the i-th stage. This device is an FIR filter which does not 
incorporate any feedback loops and perfonns both amplitude and phase filtering. 
The calculation of the lF-MZI is straightforward using transfer matrices and z-
transfonns [85]. First, we obtain the transfer matrix of each individual stage using the Z-
transfonn: 
(4.1) 
where <Pi is the transfer matrix of the i-th stage and 1 :s i:S m. ti is "through-amplitude", 
defined by t i = ~1- Ki and rpi is the additional phase shift in i-th stage. r is the additional 
waveguide loss coefficient. The coupler placed at the beginning can also be express as: 
(4.2) 
where ta is the through-amplitude of the coupler Ka. Therefore, the ove raIl system matrix 
can be obtained by 
(4.3) 
Using Eqn. (4.3), the system matrix as weIl as the impulse response of the filter can be 
obtained. 
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The next design challenge for LF-MZI to perfonn PRRM is that how to find a set of 
parameters of t and cp which can satisfy the direct temporal domain conditions and fonn the 
required h(t) . In fact, a good optimization algorithm is highly desirable. 
In our simulations, we use the simulated annealing algorithm [86, 87] to optimize the 
device parameters of the MZI. In particular, we set the simulation target to 
htarget(n'TFSR) = Cn' (n'=O:N-l) according to the designed profile of the output [see Eqn. 
(3.9)]. An error function, which is used bythe simulated annealing algorithm to optimize the 
filter parameters, is defined as 
N-] N-] 
error = Il hO (n'TFSR ) - htarget(n'TFSR) 12 = Il ho (n'TFSR ) - Cn' 12 • (4.4) 
n'=O n'=O 
The parameters that need to be optimized for the LF-MZI are the through-amplitude 
parameter t i and phase shift CPi' 
4.3 Simulation Results 
As a first example, we consider PRRM with a unifonn (constant) profile for the output pulse 
train. We assume a 10 GHz train of hyperbolic secant pulses incident on a LF-MZI which 
has a unifonn FSR for each stage. From Eqn. (3.7), there are an infinite number of choices 
of the FSR for PRRM. For simplicity, we set D = 1 and choose FSR = (20 GHz, 40 GHz, 
80 GHz) to generate corresponding output repetition rates of (20 GHz, 40 GHz, 80 GHz). 
In this case, we require N = (2, 4, 8). The corresponding values of Mare (10 mm, 5 mm, 
2.5 mm) assuming ne = 1.5. The number of MZI stages used is (1, 3, 7). As shown in Fig. 
4.2(a), pulse trains with unifonn amplitude are generated, where each individual output pulse 
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main tains the same shape as the original input pulse. The optimized device parameters are 
given in Table 4.1. We also find that the designed optical Etlters can perform PRRM 
regardless of the input pulse shape. Fig. 4.2(b) shows generations of 20/40/80 GHz pulse 
trains assuming the input pulse train has a square pulse shape and the Etlter parameters are 
exacdy the same as used in Fig. 4.2(a). 
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Figure 4.2 (a) Generation of (20 GHz, 40 GHz, 80 GHz) uniform pulse trains from 
a 10 GHz hyperbolic secant pulse train; the FSRs of the MZIs are (20 GHz, 40 GHz, 
80 GHz) and the number of MZI stages used are (1, 3, 7), respectively. (b) 
Generation of (20 GHz, 40 GHz, 80 GHz) uniform pulse train from a 10 GHz 
square pulse train with the same parameters used in (a). (c) Generation of 40 GHz 
uniform pulse trains from a 10 GHz hyperbolic secant pulse train with 50% and 98% 
energy conserved in the main output port. 
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Table 4.1 Parameters of LF-MZls obtained by simulated annealing algorithm for generation 
of (20 GHz, 40 GHz, 80 GHz) uniform pulse trains from a 10 GHz input pulse train. 
1 ho (n' TFSR ) 1 
Num Through- Phase shift 
Target (n'=0:N-1) 
N FSR ~ ber of Amplitude value of from (GHz) (mm) 
stages t=-,h-K cp(xJr) 1 ho(n'TFSR) optimized device 
parameters 
2 20 10 1 {0.71,0.71} {0,0.5} 0.5 {0.504, 0.496} 
4 40 5 3 {0.7, 0.99, {0,1.5, 0.353 {0.349, 0.353, 0.71,0.71 } 1.5,0} 0.353,0.358} 
{0.71, 0.69, {0,0.5, 1, {0.257, 0.253, 0.93,0.94, 0.250, 0.254, 8 80 2.5 7 0.88,0.97, 0, 1,0, 1, 0.25 0.254, 0.255, 
0.99,0.71} 1.5} 0.256, 0.250} 
In order to compare the target value of the amplitude coefficients en" we also list in 
Table 4.1 the corresponding values of ho (n' TFSR ) within one period T, obtained from the 
simulated annealing algorithm. Note that the LF-MZI is not an all-pass filter, i.e. part of 
input pulses will be switched to second output port, which leads to an energy loss. However, 
this can be partiaUy overcome byadding additional MZI stages [63]. In particular, we also 
achieve PRRM with 98% power conserved in the main output port by using 2 or more 
additional MZI stages and re-optimizing t and rp for aU stages. For example, as shown in Fig. 
4.2(c), we can multiplythe repetition rate of a 10 GHz input pulse train to 40 GHz with 98% 
of the energy conserved in the main output port byadding 2 additional MZI stages (as 
opposed to 50% without the additional stages). The corresponding filter design in this case is 
as follows: t = {0.7, 0.99,0.68, 0.76, 0.99, 0.7} and rp = {O, 3/4, 5/4, 5/4, 1/4,7/4} X Jr . 
Next, we investigate the use of LF-MZls to perform PRRM with an arbitrary output 
profile. Using the same optimization algorithm, we investigate two separate cases: one is to 
perform PRRM with binary code profiles within a period T and the second is for PRRM 
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,~ with a triangular profile. Binary code and triangular profiles have potential applications in 
packet-switched networks or in instrumentation. More importantly, these examples illustrate 
that complex, arbitrary profiles can be obtained and in general, we can use our approach to 
design optical filters to generate the desired output profile required by a specifie application. 
Fig. 4.3 shows a series of 4-digit binary codes (1101, 1011, and 1001) that are generated bya 
3-stage LF-MZI with optimized filter parameters (these binary codes repeat at the original 
input repetition rate). The optimized device parameters are given in Table 4.2. It can be seen 
that the extinction ratio (ER), defined as the ratio of the intensities of the smallest "1" peak 
and the largest "0" peak, in ail of the generated binary codes is greater than 20 dB. 
Improved performance can be achieved by using more stages in the MZI device. 
Table 4.2 Parameters of LF-MZIs obtained by simulated annealing algorithm for 
generation of 40 GHz pulse trains with binarycode profiles (1101, 1011, 1001, 1010) froma 
10GHz' uls . mputpl e tram. 
Common Condition: N = 4/ D = 1, FSR = 40GHz, M =5 mm, Number of Stages: 3 
1 ho (n'TFSR ) 1 
Through-
Phase shiEt tp Target value of (n'=O:N-l) Code Amplitude from optimized 
t = .JI-K 
(X1l") 1 ho(n'TFsR ) 1 device 
parameters 
1101 {0.83, 0.98, 0.83, {O,O, 1, 1} {0.4, 0.4, 0, 0.4} {0.378, 0.376, 0.56} 0.006,0.376} 
1011 {0.99, 0.60, 0.79, {0,5/8, 0, 5/8} {0.4, 0, 0.4, 0.4} {0.394, 0.036, 0.84} 0.399,0.394 } 
1001 {0.99, 0.97, 0.59, {O, 0.5,1.5, 1.5} {0.5, 0, 0, 0.5} { 0.504, 0.036, 0.89} 0.021,0.508} 
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Figure 4.3 Generation of 40 GHz pulse trains with binary code profiles (1101, 1011, 
1001) from a 10 GHz hyperbolic secant pulse train by using the LF-MZIs. The FSR 
of the MZI is 40GHz and the number of MZI stages is 3. 
In Fig. 4.4, we also illustrate the frequency response of the ftlter that is used to generate 
the binary code profile 1101 as weil as the input/output spectrum of the pulse train. The 
central frequency of the spectrum is located at 1.9557 x 1014 Hz, wruch corresponds to a 
wavelength at 1534 nm. Note that we only draw the frequency response of a single input 
pulse for simplicity. Clearly, the device is spectraily periodic both in magnitude and phase; 
however, it is not immediately apparent why the envelope of the output pulse train (i.e. the 
proftle "1101") can be obtained from this frequency response. On the other han d, from the 
temporal-domain approach and Eqn.(3.6), it is straightforward to see that the new repetition 
rate is decide by the FSR of the device and the term 1 ho (n' TFSR ) 1 has a large impact on the 
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envelope of output pulse train. Therefore, we only need to manipulate 1 ho (n'Tf:>R) 1 to 
generate any arbitrary profùe for the output pulse train, which greatly simplifies the filter 
design. 
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Figure 4.4 Frequency response of the LF-MZls used for generation of 40 GHz 
pulse train with a binary code profile of 1101 from 10 GHz input pulse train. 
In Fig. 4.5, we show that an output pulse train with a triangular envelope is formed. Here, 
we investigate the case of D"* 1 for PRRM. We set N = 8, D = 3 and then the FSR = 
80/3GHz is chosen to generate an 80 GHz output pulse train from a 10 GHz input pulse 
train. The number of MZI stages is 7 and the optimized parameters are: t = {O.52, 0.39, 0.78, 
0.87,0.87,0.9,0.94, O.24} and rp = {a, 7/32,31/16, 1/32, 3/32,1, 11/16, 1/4} x Jr. In this 
case, the new repetition rate of 80 GHz is obtained whereas the FSR of the device is only 
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80/3 GHz. Since the PRRM with a triangular profile is hard to achieve indeed because of the 
multi-level amplitudes in the output proflle, we can conclude that the filter designed using 
the direct temporal domain approach has a large potential to generate any arbitrary proflle at 
the output. 
Figure 4.5 Generation of an 80 GHz pulse train with a triangular profile from a 10 
GHz hyperbolic secant pulse train by using LF-MZIs. The FSR of the MZI is 80 
GHz and the number of MZI stages is 7. 
4.4 Tolerance Analyses 
We now consider practicallimitations such as waveguide/materialloss or imperfections in 
fabricating the LF-MZIs on the performance of PRRM and envelope shaping. First, we take 
into account waveguide loss. We assume the waveguide loss of silica material is 1 dB / cm and 
then perform the simulation of 10 GHz to 40 GHz PRRM with a uniform profùe (note that 
loss of 1 dB / cm is a practical value of the silica channel waveguide structure we can fabricate 
in our experiments). The parameters are exacdy the same as those used in the simulations 
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shown in Fig. 4.2, except now waveguide loss is considered in calculating the output. It is 
easy to understand that the profùe of the output pulse train is no longer uniform due to the 
additional loss, see Fig. 4.6(a). However, we can re-optimize the corresponding device 
parameters of t and cp for each MZI stage using the simulated annealing algorithm, and it 
can be seen in Fig. 4.6(b) that PRRM with a uniform profile is once again obtained with the 
following new set of parameters: t = {0.78, 0.91, 0.87, 0.69} and cp = {O, 9/8, 7/4, 
11/8}XJT. 
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Figure 4.6 Generation of 40 GHz pulse train from a 10 GHz hyperbolic secant 
pulse train with waveguide loss of ldB/ cm. (a) output pulse train with previous 
device parameters in Table 4.1; (b) output pulse train with newly optimized fùter 
parameters. 
Next, we investigate the impact of fabrication errors in t and cp in each MZI stage. For 
illustration purposes, we choose the device that generates PRRM with the binary code 1101 
for our analysis. The corresponding design parameters are given in Table 4.2. We assume 
that the fabrication error is uniformly distributed in a range of ±E% and obtain the 
extinction ratio based on these imperfect filter parameters. We repeat the simulations 10,000 
times and de termine the average and worst-case (smallest) extinction ratios for the device. 
Fig. 4.7(a) shows a contour plot of the average extinction ratio as the fabrication errors in t 
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and cp vary from 0 to ±5% and 0 to ±25%, respectively. It can be seen that the fabrication 
error in t has a large impact on the extinction ratio whereas the fabrication error in cp has a 
smaller effect. The fabrication tolerances of t and cp with acceptable average extinction ratio 
(>10 dB) are around 25% and 5%, respectively. Fig. 4.7(b) shows the worse-case extinction 
ratio as a function of fabrication errors in cp and t, here, we find that the impact of t is 
considerable. In the worst case, a fabrication error of ±3% in t can degrade the extinction 
ratio to below 5 dB. Finally, Fig. 4.8 shows a contour plot of the average peak-to-peak pulse 
intensity variations as a function of fabrication errors. Again, the peak-to-peak variations 
increase rapidly as the fabrication errors in t increase. 
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Figure 4.7 Contour plots of (a) the average extinction ratio and (b) worst-case 
extinction ratio of the generated binary code 1101 as a function of the fabrication 
errors in t and cp. 
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Figure 4.8 Contour plots of the peak-to-peak pulse intensity vanatlons of the 
generated binary code 1101 as a function of fabrication errors in t and rp. 
4.5 Summary 
In this chapter, we have illustrated the use of LF-MZI to perfonn PPR1'v1 with arbitrary 
envelope shaping by implementing the direct temporal domain approach as described in 
chapter 3. Using simulations, we demonstrated all-optical generations of 40 GHz pulse trains 
with binary-code patterns (profiles) and an 80 GHz pulse train with a triangular envelope 
from a 10 GHz unifonn pulse train by properly designing and optimizing the parameters of 
the LF-MZls to achieve a suitable impulse response ho(t) of the device. Our tolerance 
analyses indicated that (1) the waveguide loss in the device can be compensated by adding 
more stages and re-optimizing the parameters of the device; (2) 4% fabrication error of t and 
20% fabrication error of rp can be tolerated with the ER > 10 dB and peak-to-peak intensity 
variation among the "1" bits < 1 dB when generating the binary code 1101. 
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ChapterS 
5.1. Introduction 
PRRM with Envelope Shaping Using 
Silica-based Planar Lightwave 
Circuits 
PLC devices based on silica waveguides have attracted attention of rnany photonic research 
groups mainly due to their low-cost fabrication, stable performance and flexible designs for 
many applications [62-64, 88]. Various function modules, such as optical beam splitters, 
couplers and interferometers can be integrated into one PLC device. Since ail components 
required by a LF-MZI including lightwave path, couplers and phase shifters can be built into 
a PLC, we can use PLC as a good physical-Ievel foundation to impie ment various complex 
structures, including LF-MZI and other filter structures, by which PRRM functions as weil 
as other optical signal processing functions can be realized. 
In this chapter, we will present the practical design and implementation of LF-MZI using 
silica-on-silicon waveguide and PLC technologies to achieve 10 GHz to 40 GHz PRRM with 
uniform patterns (1't chip) and with binary-code patterns (2nd chip). 
5.2. Waveguide Design 
5.2.1 Design of Subsystems 
In chapter 4, we showed that LF-MZIs can be used to perform PRRM with binary code 
patterns. The previous design work was based on a system-Ievel simulation and optimization. 
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AlI subsystems in the proposed devices, such as couplers and phase shifters, are assumed to 
be ide al . .As for real device designs, more practical issues about fabrication as weil as the 
realization of subsystems need to he discussed before the system-level PRRM functions can 
be designed and realized. 
The first issue to consider is how to practically implement the couplers integrated in the 
lF-MZI. Since couplers with arbitrary splitting ratios are required, directional couplers are 
first considered in the design. However, it is difficult to fabricate a directional coupler to 
provide an arbitrary splitting ratio with < 5% splitting ratio errors if a tunable mechanism is 
not implemented due to the high sensitivity of the directional coupler to the fabrication 
resolution. In terrns of fabrication error tolerance,a multi-mode interference (MMI) coupler 
has much hetter perfonnance than the directional coupler [89-91]. However, a single MM! 
. coupler can only provide a fixed 3 dB ~plitting ratio. In order to provide an arbitrary splitting 
. ratio, a pair of MMI couplers is required to form an MMI-MZI coupler [92-94]. 
Though MMI-MZI couplers can provide arbitrary splitting ratios, several MMI-MZI 
designs have to be implemented in a lF-MZI device in order to provide the different 
splitting ratios required by the system, which greatly increases the complexity of the design 
and decreases stability of fabrication. A better design is to use ail 3 dB MMI couplers in the 
device and only use the different phase shifts in each MZI stage to manipulate the impulse 
response. PRRM with arbitrary envelope shaping can also be obtained with this design 
although more MZI stages may be required in the system in order to provide the equal 
functionality. Since only one MMI design is required in the device, stability and fabrication 
error tolerance are greatly increased. And this design shows many advantages over others 
when tuning mechanisms cannot be implemented. 
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The next issue to consider is how to implement the phase shift in each MZI stage. The 
additional phase shift rp can be realized by adding an additionallength t:..l in one MZI arrn, 
which gives rise to an additional phase shift rp = 2:r( D.l . n J / À . Note that the real FSR is 
decided by FSR = C where M is the arm length difference between two MZI 
ne{M+ M) 
arms. Since t:..l «M, the impact of i::11 to the FSR can be neglected. Besides, if a tuning 
mechanism can be implemented such as thermal tuning, any phase shift rp can be obtained. 
5.2.2 Design of Waveguide Cross Section 
A buried channel waveguide structure has been chosen to realize this device based on a silica . . 
. Viavéguide on silicon substrate (SOS) technology. The diagram and the scanning electron 
micrograph (SE1v1) photo of the cross section we used are as shown in Fig. 5.l(a) and 5.1(b), 
where the cross-section design can he seen clearly. The core is made of Ge-doped Si02 with 
a dimension of 3.5 x 3.5 flm2.1t is deposited on an oxidized silicon "Waferthat has a depth of 
15 flm and is covered by a top cladding layer which is made ofborophosphosilicate glass and 
has a depth of 12 flm. The refractive indices of the core and cladding are 1.4632 and 1.4456, 
respectively. 
5.3 Fabrication Process 
The fabrication of the PLC device is performed at the (})mmunications Research Centre 
(Œ-q in Ottawa, Canada. The fabrication process is simply described as below. First, a 15 
flm thermal oxide buffer layer is formed on top of the silicon wafer in an oxidizing furnace 
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over 17 days at 1100 oc. Next, the waveguide core is formed in a Ge-doped silica layer 
produeed by plasma enhaneed chemical vapor deposition (PECVD), using silane (SiH4) , 
nitrous oxide (NzO) and germane (GeH4) as precursors. Adjustment of the Ge dopant level 
al10ws the refractive index of the waveguide core to be precisely tailored. Deviee designs are 
pattemed photolithographical1y then the waveguide ridges are etched using using fluorine-
based dry etching in an inductively coupled plasma (lep) etch too1. The final layer in the 
deviee structure is a top cladding of B- and P- doped silica (borophosphosilicate glass or 
BPSG). Dopants are introdueed into the filins using diborane (BZH6) and phosphine (PH3) 
respectively. The refractive index of the top BPSG cladding is adjusted through the dopant 
levels to match that of the thettn.al oxide lower cladding. High temperature annealing al10ws 
. te~ow of the BPSG to provide a smooth and homogeneous top cladding. The refractive 
inclices of the various layers are measured using prism couplingat a wavelength of 1.537 nm 
with a typical uneertainty of iO.0004. 
Core 
..- 3.5flm --. ,1 
t Core (Ge- Clad 
3.5flm 
doped Si02) (BPSG) 
+ 
n=1.4632 n=1.4456 
Thermal mcide (Si02) t 15flm 
n=1.4456 
+ 
Ca) (b) 
Figure 5.1 (a) A diagram of the cross section of the buried channel waveguide used 
for fabrication of PLC deviees; (b) Scanning electron micrograph (SEM) photo for 
the cross section used in PLCs. 
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5.4 MMI Coupler 
Since MMI couplers are one of the most important subsystems in LF-MZIs, we theoretically 
and experimentally investigate MMI couplers before any other structures and devices are 
implemented. In this section, various designs of MMI coupler and their tolerance to 
fabrication errors are studied. 
5.4.1 MMI Design 
MMI couplers, which are based on self-imaging multimode waveguides, are commonly used 
in optical integrated components to perform various functions [95-98]. A typical 
configuration of a 4-port MMI coupler (2 inputs and 2 outputs) is shown in Fig. 5.2(a). With 
a praper design, this device can behave exactly as a 3 dB directional coupler, in which two 
outputs haye, the same amount of powers but with phase difference of 1(/2. Although 
arbitrary splitting ratios cannot be achieved by a single MMI, a MMI-MZI can be used, as 
shown in Fig. 5.2(b), to provide any arbitrary splitting ratio by manipulating the additional 
phase shift in one arm between two MMI couplers. 
Input 1..-
::B 
L -+1 Output 
mol: MMI MMI 
Input Output 
(a) MMI (b) MMI-MZI 
Figure 5.2 (a) Design of a 2x2 Multi-mode interference (MMI) coupler as a 3dB 
coupler; (b) Design of a MMI -based MZI coupler with any arbitrary splitting ratio 
using 2 MMI couplers . 
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The theoretical optimallength of a 3 dB :MM! coupler can he calculated by L = ..!..(3L Ir) 
2 
where L Ir is the beat length of the two lowest-order modes and L Ir :::::: 4ncO/?W,2 • Ào is the 
310 
central wavelength at the free space; na:;re is the refractive index of the core media; and W. is 
the effective width which can be obtained by 
w = w. + (Âo )(nCladding~2cr( 2 _ 2 . \-(0.5) 
e M n core ncladdmt, 
Jr ncore 
(5.1) 
where (J = 0 for 1E and (J = 1 for TM; WM is the width of the :MM! coupler. More details 
can be found in [89]. We consider WM = 20 flm in our design and the optimal length of 
MMI is around 1050 flm. Since the difference between ndatJiirf!. and nCDf! is very small and a 
comparatively large WM is used, 'we found that the theoretical optimal lengths for 1E and 
lM modes are aImost the same (the difference <0.3%). 
Next, we use OptiBPM, which is a simulation tool for beam propagation in waveguides, 
to verify our :MM! coupler design using the parameters we calculated above. Fig. 5.3(a) 
shows the path intensity traces and it can be seen that the output intensities at two output 
ports are approximately the same. Furthermore, it aIso shows the loss of the MM! coupler is 
about 1 dB. Fig. 5.3(b) is the top view of the field distribution inside the :MM! coupler, 
which shows the interference and self-imaging process among those optical modes. The 
waveguide simulation results from OptiBPM confirm the :MM! parameters we obtained 
from the theoretical calculation. 
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-- Path Intensity Trace 1 
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(a) (b) 
Figure 5.3 Simulation results of a MMI coupler using OptiBPM (a) path intensity 
traces of the MMI coupler; (b) top view of the field trace of the MMI in x-Z plane. 
5.4.2 MMI Fabrication 
1 
2 
We fabricate a group of MMI couplers in our first sample. In order to check the fabrication-
error tolerance of the MMI couplers, we fabricated 25 single MMI couplers, each of which 
has a smal1 increase/ decrease to the length and the width of the multi-mode interference 
region from their theoretical optimal values. The detailed MMI parameters are shown in 
Table 5.1. 
T hl 51 P a e . arameters use d f, MMI or l . th l st couplers ln e samp.e 
1050flm X 20flm 1050flmX20.1flm 1050flmX20.2flm 1050flmX19.9flm 1050flmX19.8flm 
1070flmX20flm 1070flmX20.1flm 1070flmX20.2flm 1070flmX19.9flm 1 070flmX 19 .8flm 
1 090flm x 20flm 1090flmX20.1flm 1090flmX20.2flm 1090flmX19.9flm 1090flmX19.8flm 
1030flmX20flm 1030flmX20.1 flm 1030flmX20.2flm 1030flmX19.9flm 1030flmX19.8flm 
1010flmX20flm 1010flmX20.1flm 1010flmX20.2flm 1010flmX19.9flm 1010flmX19.8flm 
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5.4.3 Experiment Setup 
The experiment setup that is used to characterize the 11MI couplers is shown in Fig. 5.4. A 
tunable laser and a mode-Iocked laser are used as the CW source and the modulated (pulsed) 
optical source at the input, respectively. A fiber- based polarization controller is connected to 
the laser source, which can effectively manipulate the polarization injection of the input. 
Using a collimator, the optical beam in the optical fiher is transformed to the collimated 
beam (Gaussian beam). We use a flipper mirror to reflect the optical heam to the 
polarization analyzer first, by which the polarization of the input optical beam can be 
monitored before it enters the waveguide. Then, by changing the direction of the flipper, the 
collimated optical beam goes through an objective lens placed on the left-hand translation 
stage and is coupled into the waveguide which is placed on the middle translation stage. The 
output optical beam from the waveguidegoes through another objective lens which is placed 
on the right-hand translation stage, and it is transformed into a collimated beam again. We 
can observe and measure the beam profile and optical power with the IR camera and photo-
detector. Using another collimator, the optical beam in the free space can he coupled back 
into the optical fiber, and then several powerful fiber- based testing equipment, such as 
optical spectrum analyzer (OSA) can be used to characterize the waveguide devices in 
frequency domain. 
49 
Chapter 5: PRRM with envelope shaping using silica-based PLCs 
Polarization 
Analyzer 
D Microscope 
IR Camerai 
Photo-detector 
D 
Att,n~t~nllim'~k D' ".0; 1 Fli~plp'e:r t Pnbriz,ti= Flipp~ 
Controller 
Tunable Laser/ 
Mode-Lock Laser 
Left-
hand 
Stage i\fiddle 
Stage 
Right-
hand 
Stage 
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Figure 5.4 Diagram of the experiment setup for the waveguide measurement 
5.4.4'MMI measurement 
We characterize all 25 MMI couplers using the setup shown in Fig. 5.4. By carefully aligning 
the collimator at the input, lenses on the translation stages and the waveguide sample, we 
observed two bright spots on the screen of the IR-camera. The beam profiles and powers at 
the output are immediately measured with the proper equipments. Finally we investigate the 
variation of the splitting ratio as a function of the wavelength of the input laser beam. The 
experimental results are described as below. 
5.4.4.1 Bearn Profile 
First we measured the beam profùes. Fig. 5.5 shows one sample measurement of MMI 
couplers in the chip. Fig. 5.5(a) shows the image captured by the IR-camera, in which two 
spots in red are 2 outputs of the MMI coupler. The different colors inside the circle 
represent the corresponding power intensity level of the optical beam. All data were 
collected by a computer which is connected to the IR-camera. Fig. 5.5(b) is the re-plot of the 
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enlarged optical beam in the le ft in Fig. 5.5(a). It can be seen that the beam profile has a 
round shape with a good symmetry, which confums that the waveguide core area has a good 
symmetry. Fig. 5.5(c) and (d) are two plane views of the beam profile at x = 135 and y = 220, 
correspondingly. The blue curves in Fig. 5.5(c) and 5.5(d) are fitted Gaussian distribution 
functions which have FWHM (the full width half maximum) of 9. Due to the perfect fit 
between measured and simulated curves, we can consider that the beam profile in the 
waveguide has a Gaussian distribution. 
(a) (b) 
Fitted Fitted 
160 160· 
'40 140: 
112O ~ ]; t20 
10 Measure 'li ji,OQ r: li i 80 
" " ~ 60 160 a !5 
" 40 
z 
4<) 
+-Measure 
20 2<t 
a 80 100 180 200 150 
XdrectiQn} 250 300 y-
(c) (d) 
Figure 5.5 (a) Mode-profile measured from IR-camera; (b) the enlarged mode-
profùe of the optical beam at left; (c) mode intensity view of the y-plane at x = 135; 
the red curve is the measured result and the blue dotted line is the fitted Gaussian 
curve; (d) mode intensity view of the x-plane at y = 220; the red curve is the 
measured result and the blue dotted line is the fitted Gaussian curve. 
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~' 5.4.4.2 Splitting Ratio 
We use the IR photo-detector to measure the power of output 1 and 2 separately. By 
carefully adjusting the right-hand translation stage, one optical beam can be temporally 
blocked byan iris without affecting the other. Due to the unavoidable measurement errors, a 
single measurement for a single chip may lead to an inaccurate result. Therefore, we pick up 
3 best samples and measured each sample twice (each sample has 25 :MM! couplers). The 
final results are the mathematical average of the total six measurements. Based on the output 
powers we measured, the coupler splitting ratio is calculated (note that the splitting ratio is 
defined as the ratio of the power in the output 1 to the total power in the output 1 and 2 
when the input beam is launched into input 1). The results are shown in Table 5.2 and 
Fig. 5.6. 
---, 
T hl e 5.2 a S li . )pJ ttmg ratlos 0 f:MM! 1 ·th diff 1 h d 'd h coupJers Wl erent engtJ an Wl t 
Lengili\ 20 [lm Average Peak-to-(theoretical 20.1 [lm 20.2 [lm 19.9 [lm 19.8 [lm Peak 
width' },:: 
width) Ratio Deviation 
1050 [lm 
(theot:etic~} . 0.5215 0.5238 0.5146 0.5025 0.5025 0.5130, 0.0213 
length) ," 
" . 
1070 li.' 0.4924 0.5146 0.5215 0.4872 0.5146 0.5061 0.0343 
1090 !Lm, 0.4737 0.5 0.5074 0.4652 0.4681 0.4829 0.0422 
. '.:. 
1030'~m 0.5370 0.5370 0.5283 0.5327 0.5305 0.5331 0.0087 
'i' 
1010t-tm 0.5349 0.5025 0.5025 0.5238 0.5305 0.5188 0.0324 
52 
" .. ~ 
Chapter 5: PRRl"\f with envelope shaping using silica-based PLCs 
0.55 
0.54 
053 
0.52 
0 
.~ 
0: 0.51 
0\ 
c 
:§ 0.5 Ci (J) 
0.49 
0.46 
0.47. 
' .. 
0.46 
-0.2 
/ 
/ 
/ 
-0.15 .01 -0 .. 05 o 0.05 
Width Varl~tion 
·ê 
0.1 
'-0-- 1050um 
__ 1070um 
....... --6, ......... 1090um 
--1030um 
--1010um 
0.15 0.2 
Figure 5.6 Variation of the splitting ratios of 25 MMI couplers as a function of 
variation of the width of MMI. 
As shown in Table 5.2, the theoreticallength (1050 [.Lm) provides excellent tolerance to 
variation of the width of the MM1 caused by imperfect fabrication. Although the splitting 
ratio is a little larger than 0.5, the peak-to-peak variation of the splitting ratio is less than 
0.023 as long as the variation of the width of MM1 is within ±0.2 [.Lm. 
5.4.4.3 Wavelength Dependence 
The last measurement we performed on the MMI couplers is to evaluate the wavelength 
dependence of the splitting ratio. We choose the MMI with the theoretical design (1050 x 20 
[.Lm~ as the sample for measurement. Using the tunable laser, we vary the input laser 
wavelength from 1545 nm to 1555 nm with 0.5 nm increments and measure the 
corresponding splitting ratios. As shown in Fig. 5.7, the splitting ratio shows a resonant 
variation between 0.518 and 0.538. 1t can be understood that MM1 coupler is a resonant 
cavity itself and is sensitive to the variation of the wavelength of the input signal, which leads 
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to the resonance performance of its splitting ratio. We hope this splitting ratio variation will 
not have a large impact on the overali performance of the PRRM chip. 
0 
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Figure 5.7 The spitting ratio as a function of the variation of the wavelength of the input beam. 
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5.5 First PLC for PRRM 
The l't PLC chip we design and fabricate is a 2-stage LF-MZI that is used for 10 GHz to 40 
GHz PRRM with a uniform envelope (1111 pattern). 
5.5.1 Design of 1st PLC 
The l't PLC incotporates 3 MM[ couplers and 2 MZI stages as shown in Fig. 5.8, which 
forms a two-stage LF-MZI optical filter. The optimal design of MM[ coupler (1050 [lm x 20 
[lm) has been applied to all 3 couplers required in the system The overall FSR of the device 
is 40 GHz although the FSR of the first MZI stage is 20 GHz. Note that the different FSRs 
in MZI stages also lead to different time-delays to the input pulses. The bending curves used 
in the design have radii of 5 mm. The working principle of this device can be described as a 
"split and add" approach: a 10 GHz input puhe train is split into twu signals by the first 
MM[ coupler at the input while the signal that will go through a longer MZI arm will have 
an additional time-delay. Two pulse trains are added together at the middle coupler and 
immediately split into two 20 GHz pulse trains. The third coupler at the output is 
responsible for combining two inputs into two 40 GHz pulse trains at the outputs. As a 
result of the split and add process, the two 40 GHz output pulse trains are real 40 GHz 
pulse trains without any pulse-to-pulse phase variations due to the fact that there are no 
interferences among those pulses. This approach is simple to realize, but only a uniform 
envelope pattern can be obtained. Due to the fact that there is no interference between 
pulses, arbitrary envelope shaping cannot be achieved. 
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Output 
Figure 5.8 Diagram of the 1 st PLC chip design for 10 GHz to 40 GHz PRRM with a 
uniform profile. 
5.5.2 Experiment 
Using the same setup as shown in Fig. 5.4, we have performed a set of experiments for the 
1 st PRRM chip. We first adjust the alignment of the setup using the CW laser source and the 
IR photo-detector. The positions of the input optical beam, the lenses and the waveguide are 
optimized in order to achieve a maximum optical power at the output. When the testbed has 
been set to its optimal condition, we replace the CW laser with the mode-Iocked laser. At the 
output side, we change the direction of the flipper such that the optical beam will go through 
the output collimator and be coupled back into the optical fiber. Using fiber-based 
equipments such as CSA, OSA and auto-correlator, we characterize the performance of the 
1 st PRRM chip. We have measured the FSR, time-domain characteristics, and the 
polarization dependence. 
5.5.2.1 Free Spectral Range 
Since the FSR is one of the key characteristics in the direct temporal domain approach for 
PRR.I'v1, we flrstly measure the FSR of the device. Due to the fact that the LF-MZI is a SP 
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[ùter, we can obtain its FSR directly by measuring the output spectrum with OSA and a 
white source as the input signal. AC-band ASE source can be used as the white source to 
provide the broad-band optical signaIs. Note that the pump power of the ASE source need 
to be adjusted carefully in order to have a relatively fiat spectrum at the wavelength region 
that we are interested in, say 1550 nm. 
The output spectrum we measured with the ASE source is shown in Fig 5.9. It can be 
seen that the spectrum has a periodic shape while the periodicity in frequency (wavelength) 
corresponds to the real FSR of the device we fabricate. By calculation, we found that the real 
FSR of the chip is approximately equal to 38.93 GHz. Since the original repetition rate at the 
input should be close to one quarter of the FSR, we use 9.733 GHz as the original repletion 
rate in the rest of the measurement. 
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Figure 5.9 Measured output optical spectrum with the input of ASE source. 
5.5.2.2 PRRM 
Next, we replace the ASE source with the mode-locked laser at the input and the 
modulation speed is set to 9.733 GHz, which is exactly one quarter of the FSR of the device. 
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The central wavelength of the mode-Iocked laser is tuned to 1550 nm. The input and output 
pulse trains are measured simultaneously using a CSA and two optical sampling modules 
with 20 GHz and 30 GHz bandwidths, respectively. The results are shown in Fig. 5.10(a) 
and 5.1 O(b). It is clearly seen that the new repetition rate of the output pulse train is around 
39 GHz, which is 4 cimes as the original input repetition rate. As shown in Fig. 5.10(b), there 
are peak intensity variations among 4 new generated pulses in one original repetition period. 
The variations are probably caused by: (1) the additional waveguide loss in one MZI atm 
which has an extra atm length in each stage; (2) non-ideal MMI couplers which provide the 
splitting ratios of 0.52-0.53 as shown in Table 5.2. Note that the waveguide loss cannot be 
compensated in the current design unless more MZI stages are added into the configuration 
or waveguide loss can be minimized. 
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Figure 5.10 Temporal-domain measurements of (a) the input pulse train and (b) the 
output pulse trains from the PLC chip. 
The spectra of the input and the output pulse trains are shown in Fig. 5.11 (a) and 5.11 (b), 
respectively. It can be seen in Fig. 5.11 (b) that many optical modes have been removed or 
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partially suppressed while only one residual mode is kept every 4 modes, by which a 40 GHz 
mode spacing is formed between two adjacent residual modes. This new mode spacing 
observed from the OSA confirms the new repetition rate is around 40 GHz for the output 
pulse train. Note that the LF-MZI we fabricate is not ideal and the MMI couplers in the 
device may provide coupling ratios of 0.52 other than 0.5, which leads to incomplete mode 
suppressions in Fig. 5.11(b). 
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Figure 5.11 (a) Spectrum of the input pulse train; (b) spectrum of the output pulse 
train. 
Fig. 5.12(a) and 5.12(b) show the auto-correlation measurements of the input and the 
output pulse trains. Both measurements confÏrm the fact that (1) the repetition rate has been 
multiplied by 4 at the output; (2) the pulse width of the input pulse train generated from the 
mode-Iocked laser is very narrow, which satisfies the requirements of the direct temporal 
domain approach for PRRM; (3) the pulse width of the output pulse train is not changed in 
the PRRM pro cess. 
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Figure 5.12 Auto-correlation measurements of (a) the input pulse train; (b) the 
output pulse train. 
Based on these measurements, we can conclude that the LF-MZI we designed and 
fabricated has fulfilled its fundamental function of multiplying the repetition rate from 10 
GHz to 40 GHz. 
5.5.2.3 Pulse Intensity Variation in PRRM 
As shown in Fig. 5.10(b), there are significant peak-to-peak intensity variations among the 
newly generated pulses. The variations may arise from several reasons: (1) the MMI couplers 
fabricated in this PRRM device are not exacdy 50:50 couplers. According to the previous 
measurement for MMI couplers, we know the splitting ratio of this MMI design is around 
0.52. (2) The arms in each MZI stage in the device do not have equallength in order to make 
it a SP fùter. The additional atm length leads to the extra waveguide loss, which may arise 
from severalloss factors such as the materialloss, the bending loss, the waveguide scattering 
loss and etc. (3) The LF-MZI is a FIR fùter and its frequency response has a very small 
finesse, which may lead to an incomplete mode suppression of the undesired modes at the 
output as shown in Fig. 5.11 (b). 
60 
Chapter 5: PRRM with envelope shaping using silica-based PLCs 
We have performed another simulation for this device, which includes the additiona1 
waveguide 10ss and those rea1 parameters that are used in the experiment. The following 
conditions are considered in our simulation; the additional waveguide 10ss is 1.5 dB/cm; the 
repetition rate of the input pulse train is 9.733 GHz at 1550 nm, and the splitting ratios of all 
MMI couplers are equal to 0.52. Besides, the individua1 input pulse is assumed to have a 
Gaussian shape with a 3 ps FWHM while the sampling delta pulse from the CSA optical 
sampling modules is assumed to have a Gaussian shape with a 16 ps FWHM. The new 
simulation result is shown in Fig. 5.13. The dotted line is the simulation result while the solid 
curve is the experimental result. It can be seen that the simulation result has an excellent 
agreement with the experimental result. 
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Figure 5.13 Simulation (red dotted line) and experimental (blue solid line) results of 
the output pulse train in cime domain. R = 9.733 GHz, À = 1550nm 
5.5.2.4 Polarization Dependence 
The last testing work we performed for the 1 st PLC chip is to exanune the polarization 
dependence of the LF-MZI we fabricated. Using the polarization controller and the 
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polarization analyzer, we can easily adjust the polarization of the input optical beam to a 
vertical position or a horizontal position just before it goes into the waveguide. Other 
experimental parameters are exactly the same as before. The result is shown in Fig. 5.14. 
Since the square-shape channel waveguide (3.5 fLm X 3.5 fLm) is used as the core waveguide 
for the lightwave path in the device as shown in Fig. 5.1, the polarization dependence is very 
small due to the symmetric electromagnetic field distributions [see Fig. 5.5(b)] in the 
waveguide. The intensity variations between two polarizations as shown in Fig. 5.14 are 
probably caused by the MMI couplers and environmental factors. Since the polarization-
dependent intensity variations are less than 0.1 dB, the impact of the polarization 
dependence can be neglected in this device. 
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Figure 5.14 Experimental results of output pulse train with vertical polarization 
input (red) and horizontal polarization input (blue). 
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5.6 2nd PLC for PRRM with Binary Code Patterns 
Based on the previous design experience as weil as the experimental results obtained on the 
MMI couplers and the l't PLC device, we design and fabricate the 2nd PLC devices - 4-stage 
LF-MZls which can perform PRRM with binary code patterns. The 2nd PLC can perform 10 
GHz to 40 GHz PRRM and 4-bit binary-code pattern generation simultaneously. Besides, 
the additional waveguide loss that caused the intensity variations in 1 st PLC device as shown 
in Fig. 5.12 is compensated in the new design. 
5.6.1 Design 
Fig. 5.15 shows the diagram of a general4-stage LF-MZI, which is used to perform PRRM 
with various binary code patterns. It consists of 4 MZI stages and each stage has a pair of 
asymmetrical arms. The FSR of the filter (here 40 GHz) is determined by the path length 
difference L: FSR=c/nj1L, where ne is the effective index of the waveguide medium. We 
have used a large bending radius (R = 8 mm) to minimize bending losses in the design. 
There are 5 couplers (Ko - K4 ) and 4 phase shifters ((jJl - (jJ4). Since we proved that our MMI 
coupler design can provide a 3dB splitting ratio in previous work, we keep using the same 
design (1050 f-Lm x 20 f-Lm) for an 5 couplers required in the 2nd PLG, which gready reduces 
the complexity of the design and increases the stability and tolerance to fabrication errors. 
The phase shifts provided by the shifters are optimized for the desired output code patterns. 
In particular, we designed two PLCs with phase shifts (jJ = {1.47, 1.47, 0.03, 0.03} Xl[ for 
binary code 1011 and (jJ = {0.7 4,0.26,0.26, 1.28} Xl[ for binary code 1101 as illustrations. 
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Figure 5.15 Configuration of LF-MZI; Ki and cp; are the coupling coefficient of the 
MMI coupler and phase shift in each stage. 
In order to examine the device tolerance to fabrication errors, we fitstly perfonn the 
tolerance analyses for PLC chips we designed. Fig. 5.16(a) shows the simulation result of the 
40 GHz output pulse train with binary code pattern lOB ·generated from a 10 GHz input 
pulse train using one PLC. We assume the splitting ratios of MMI couplers vary from 0% to 
3% randomly (note that the maximal variation of splitting ratios in MMI couplers is less than 
3% as shown in Table 5.2 as long as the variation of width is between -0.2 Ilm to +0.2 Ilm), 
and phase shifts vary from 0% to 20%, which simulates the imperfect fabrication process. 
Based on these conditions, we perfonn 10,000 cimes simulations and the results are shown 
in Fig. 5.16(b) and (c). Fig. 5.16(b) shows the contour plot of the average ERs as the 
variations of fabrication errors of K and cp while Fig. 5.16(c) shows the contour plot of the 
peak-to-peak intensity variations among "1" bit. It can be seen that the fabrication error of 
K in 3% has very little impact on both ER and the intensity variations in the 2nd PLC, which 
demonstrates that MMI-based design is more tolerant and robust to non-ide al fabrication 
than other designs. On the other hand, the fabrication error of cp has a large impact on the 
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performance for both ER and the peak-to-peak intensity variations. It can be seen that ER 
drops to 6 dB from 30 dB gradually and the peak-to-peak intensity variations increase from 
0.4 dB to 3.7 dB as the fabrication error of cp increases from 0% to 20%. The precise 
control of cp is important in the fabrication process of the 2nd PLC. Note that a 10% 
fabrication error of cp corresponds to a 0.1 fLm fabrication precision, which is a requirement 
that can be realized. Similar results are obtained for the PLC design that generates the binary 
code pattern 1101. 
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Figure 5.16 (a) simulation result of the 2nd PLC design for generation of a 40 GHz 
pulse train with 1011 profIle; (b) contour plot for the average extinction ratios as the 
variations of splitting ratio of MMI couplers and phase shifts; (b) contour plot for 
peak-peak intensity variations as the variations of splitting ratio of MMI couplers 
and phase shifts. 
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Another way to precisely control the phase shift is to implement a thermal tuning 
mechanism in the PLC Since the refractive index of the silica waveguide is sensitive to 
variation of tempe rature and /1n = j()5 lM. Given À. = 1550 nm, heating waveguide length 
M =5.15 mm and ne = 1.4632, a tunable phase shift in a range of br can be realized bya 
tempe rature variation of 30 K. 
5.6.2 Fabrication 
The 2nd PLC is also fabricated at ŒC The cross-section of the waveguide and the 
fabrication process is as described in section 5.2.2 and 5.2.3. The waveguide mask is 
produced by ADTEK PHOTOMASK (Montreal). 
.:' " 
5.6.3 Measurement 
The fabricated PLC is placed on a waveguide testing bench incOlporating two 6-axis and one 
2-axis translation stages. The real photo of the setup is shown in Fig. 5.17. The input source 
is a mode-Iocked laser (pritel, UOG3E) generating a pulse train at a repetition rate of 9.733 
GHz and central wavelength of 1550 nm. Each individual pulse has a FWHM of 3 ps, 
which is narrow enough to satisfy the conditions required by the direct temporal domain 
approach. 
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Figure 5.17 The waveguide testbed for measurement of PLCs. 
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We first characterize the PLC for binary code 1011. The input and output pulse trains are 
measured simultaneously using a communication signal analyzer and optical sampling 
modules with 20 GHz and 30 GHz bandwidths, respectively, as shown in Fig. 5.18(a) and 
5.18(b). It can be seen that the output repetition rate is 39 GHz, which is 4 times that of the 
original repetition rate. The four pulses within the original repetition period exhibit the 
desired binarycode pattern 1011, although there are sorne intensityvariations among the "1" 
bits which arise from imperfections in the device fabrication. Fig. 5.18(c) shows the 
simulated output pulse train for 1011 using parameters based on the experimental conditions: 
the waveguide loss in the PLC is 0.8 dB/cm; the input repetition rate is 9.733 GHz; the 
input pulses are assumed to have a Gaussian profile with a 3 ps FWHM; and the output 
..... ,si~nal i~ convolved with the 16 ps impulse response time of the detection system. The 
. simulat~d output pulse train is in very good agreement with the measurements (note that the, 
J 
background in the measured output is due to unfiltered amplified spontaneous emission 
from the amplifiers used in the experiments). 
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Fig~J.te5.18 Measured (a) mput pulse train from th!:; mode-Iocked laser and (b) 
output binàry code profile '1011'; (c) simulated output signal. 
The measured input and output spectra are shown in Fig. 5.19(a) and 5.19(b). Fig. 5.19(a) 
confirms that the spacing between two adjacent modes at the input is around 10 GHz. At 
the output, these modes are manipulated in amplitude and phase and exhibit a similar pattern 
every 4 modes, which is due to the fact that the LF-MZI is a SP filter with a 40 GHz FSR 
(note that the LF-MZI performs both amplitude and phase filtering so that the output train 
does not exhibit peaks spaced at 40 GHz only, as a true 40 GHz train would). The simulated 
results are shown in Fig. 5.19(c) and 5.19(d); again, we see very good agreement with the 
measured results. 
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Figure 5.19 Measured (a) input spectrum from mode-lock laser and (b) output· 
spectrum from the PLC; simulated (c) Gaussian input train spectrum and (d) output 
spectrum. 
As a second example, we measure the other PLC that generates binary code 1101. Fig. 
5.20(a) and (b) shows the 10 GHz input pulse train and 40 GHz output pulse trains. 
Although there are peak-to-peak intensity variations among 4 pulses due to the imperfect 
fabrication process, the PRRM effect and binary code pattern is obvious. And we expect that 
the intensity variations can be compensated in part using programmable devices, e.g. tunable 
phase shifters realized using thermal effects. 
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Figure 5.20 Measured (a) input pulse train from the mode-Iocked laser and (b) 
output binary code profile '1101'. 
5.7 Summary 
We have performed a series of measurements for (1) 25 MMI couplers that provide 3 dB 
splitting ratios with various dimension, (2) one 2-stage LF-MZI that generates a 40 GHz 
pulse train with a uniform pattern from a 10 GHz input pulse train, and (3) two 4-stage LF-
MZIs that perform 40 GHz binary-code pulse train generations from a 10 GHz input pulse 
train. All devices are fabricated on silica-based PLCs and buried channel waveguide 
structures. Among 25 MMI couplers, we found that one design shows excellent tolerance to 
fabrication errors (the variation of the splitting ratio is < 3% as long as the fabrication error 
of the width is within ±0.2 [Lm) and exhibits small wavelength dependence (the variation of 
the splitting ratio is <4% in the wavelength range of 1545 nm to 1555 nm). 
Based on the optimal MMI design, we flrst designed and fabricated a 2-stage "split and 
add" LF-MZI. We experimentally demonstrated the generation of a 40 GHz pulse train with 
a uniform pattern from a 10 GHz input pulse train by the device. The measured results from 
71 
Chapter 5: PRRM with envelope shaping using silica-based PLCs 
CSA, OSA and the auto-correlator proved that the repetition rate of the output pulse train is 
multiplied by 4 from the repetition rate of the input. We also found that the polarization 
dependence of the device is less than 0.1 dB. Afterthat, two 4-stage LF-MZIs were designed 
and fabricated. We experimentally demonstrated 40 GHz pulse train generations with binary 
code patterns 1011 and 1101. Simulations have an excellent agreement with experimental 
results both in cime domain and frequency domain. 
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Chapter6 
6.1 Introduction 
Ring Resonator Anays for Pulse 
Repetition Rate Multiplication and 
Envelope Shaping 
We have demonstrated the use of LF-MZI to perform PRRM with binary code profiles both 
theoreticallyand experimentally in chapters 4 and 5. In this chapter, we explore the use of 
another type of SP filtef-RRAs--to perform PRRM. RRAs are a powerful class of optical 
filters which have been widely used for WDM add/ drop filtering, dispersion compensation, 
/-', optical signal processing, and rnany other applications that focus on their spectral 
characteristics [66-68, 70, 99-103]. Their time-domain characteristics are equally interesting 
and in particular, they can be used as key components to perform PRRM by implementing 
the direct temporal-domain approach since ring resonators are SP filters. In this chapter, we 
investigate using 2D RRA to perform PRRM with two filter types: (1) combined amplitude-
and-phase filter and (2) phase-onlyfilter. 
6.2 Configuration 
A general configuration of a two-dimensional RRA is shown in Fig. 6.1. Fig. 6.1(a) shows a 
typical configuration of an M xN 2D RRA, where M represents the number of rings in the 
vertical direction and N represents the number in the horizontal direction. Note that with 
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two waveguide buses placed on the top and the bottom, the device behaves as a combined 
amplitude-and-phase filter. If one waveguide bus is removed, the device becomes a phase-
only filter. Fig. 6.1(b) shows the details of the individual ring e1ements which incorporate a 
directional coupler with splitting ratio K and a phase shifter with an additional phase shift rp. 
Fig. 6.1 (c) and (d) are linear (1D) arrays with rings in the horizontal and vertical directions, 
respectively. Note that the rings are assumed to be identical in size and are coupled in the 
vertical direction only. While there is no coupling between the rings in the horizontal 
direction, the signals propagate in the horizontal direction only through the two waveguide 
buses that are placed at the top and the bottom of the RRA. Since the waveguide bus 
introduces time de1ays above and beyond those of the rings, the length of the bus must 
satisfy sf>ecifi,c conditions in order. t.o generate a pair of pulse trains at the two output ports 
simultan.eoU$ly. In particular, if L d~;notes the distance between the centers of two adjacent 
rings, then L must be a positive multiple of :rR where R is the radius of the ring. Larger 
values of L willlead to more loss and an overall increase in the size of the structure; hence, 
we choose L =:rR. The FSR of the device is given by FSR = cl (ne2:rR), where R is the 
radius of the ring and ne is the effective index of the waveguide. 
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Figure 6.1 (a) General configuration of an Mx N RRA and (b) detailed view of the 
individual rings, R is the radius of the ring resonator, K p is the coupling coefficient 
and rjJ p is an additional phase shift; {c) configuration of a 1 x N RRA; (d) 
configuration of an M x 1 RRA. 
Although both RRA and LF-MZI are SP fliters, there are some significant differences 
between them: 
(1) RRA is an infmite impulse response (UR) filter since the ring structure provides 
the feedback path to the input whereas LF-MZI is an FIR fliter. 
(2) LF-MZI can only be configured as a combined amplitude-and-phase filter in 
which both amplitude and phase are altered at the output. On the other hand, 
RRA can be designed to be a combined amplitude-and-phase fliter or a phase-
only fliter, which provides more design flexibility than LF-MZI does. Note that 
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when the bottom bus waveguide of a RRA in Fig. 6.1 (a) is removed, a phase-only 
filter is formed. 
(3) RRA is more compact than LF-MZI due to its two dimensional structure. 
6.3 Calculation 
The RRA transfer function can be calculated by dividing the MxN array into N horizontally-
cascaded Mxl arrays, in which each Mxl array can be calculated separately using transfer 
matrices and Z-transforms as described in [85, 103]. For the ni" column, the transfer matrix 
in the vertical direction can be expressed by 
(6.1) 
where I" 12, 0 , and O2 represent the inputs and outputs in the two waveguide buses as 
shown in Fig. 2(a); t pis the through-amplitude coefficient which is defined as t p = ~1- K p ; 
r is the waveguide loss and j3 is the propagation constant in the devicc. This matrix can 
then be converted to another transfer matrix which functions in the horizontal direction 
using the following transformation: 
(6.2) 
76 
Chapter 6: Ring resonator arrays for PRRM and envelope shaping 
where Bij are the elements in the vertical transfer matrix. The two waveguide buses can also 
be expressed with a transfer matrix in the horizontal direction: 
(6.3) 
where dis the signal propagation direction and is equal to -/ + 1 when the signal counter-
/ co-propagates with the input, i.e. when M is odd/ even. The ove raIl RRA transfer function 
is then given by the system matrix e = <D N • <D bus • <D N -1 •.. <D bus • <D 1 • 
By implementing the direct temporal-domain approach to perform PRRM. High 
repetition rate pulse trains with shaped envelopes can he generated by properly designing the 
parameters K p' which is the coupling ratio hetween the rings in the vertical direction in the 
RRA, and rp p , which is the additional phase shift induced by one ring. The novelty of these 
designs is that they can generate a pair of ultrahigh repetition rate pulse trains simultaneously, 
each of which can have an arbitrary envelope shape. 
6.4 Simulation Results 
6.4.1 Combined amplitude-and-phase Filter 
As a demonstration, we design the RRAs to generate a pair of 40 GHz pulse trains with 
binary code profiles 1101 at output 1 and 1010 at output 2 from a single uniform 10 GHz 
input pulse train. The following conditions are considered: the input train comprises 1 ps 
sech2 pulses (FWHM); the FSR of aIl rings is equal to 40 GHz (note that using the direct 
temporal-domain approach, it is not necessary for the FSR of the rings to equal the desired 
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output repetition rate); and the waveguide loss is assumed to be 1 dB/cm We aIso use a 
total of 9 rings (increasing the number of rings will improve the quality of the output signals 
albeit at the expense of increased device size and fabrication complexity). We optimize the 
through-amplitude coefficient t p = ~1 - K P and phase shift cp P' We adapt the simulated 
annealing algorithm to optimize the device parameters for synthesizing the 2 target profiles. 
In particular, we de fine a separate error function based on the individual error functions 
associated with each output pulse train: Err0"Au = ~wIErrot?11 + w2Erro62 where ErroU1 
and ErroU2 are individual error functions defined in Eqn. (4.4) and W1 and W 2 are 
corresponding weights. This new error function is used to assess the optimization process 
and decide the contents of the next iteration step. Furthermore, instead of using random 
values, t p and cp pare optimized with a set of quantized values with step sizes of 0.01 and 
1(/16, respectively. 
The simulation results are shown in Fig. 6.2 and the optimum device parameters are 
summarized in Table 6.1. Pairs of 40 GHz pulse trains with binary codes 1101 and 1010 are 
produced at outputs 1 and 2, respectively, for aIl 3 RRA configurations. The ER, defined as 
the ratio of the smallest intensity of the "1" s to the large st intensity of the "0" s, are aIl 
greater than 20 dB. However, code 1101 in Fig. 6.2(b) and code 1010 in Fig 6.2(c) both 
suffer considerable energy loss. This is partiaIly because one of the output signais propagates 
through a longer path and suffers a greater waveguide loss than the other output. Therefore, 
2D RRAs exhibit advantages in terms of energetic efficiency (the two output signais 
propagate similar path lengths) in addition to being more compact. Note that in chapter 4, 
we demonstrated the use of LF-MZIs for PRRM with binary code profiles. Although we 
found that a 9-stage LF-MZI can also generate a pair of pulse trains with different binary-
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code patterns, there are large losses at the output due to the long propagation paths. 
Moreover, a 9-stage LF-MZI may require more space than a 3x3 RRA. 
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Figure 6.2 Generation of 40 GHz pulse trains with binary code profiles (1101 and 
1010) at output 1 and output 2 using 2D ring resonator anay configurations: (a) 3x3 
(b) lx9 (c) 9x1. The device parameters are given in Table 6.1. 
79 
Chapter 6: Ring resonator arrays for PRRM and envelope shaping 
Table 6.1 Parameters of 3 RRA configurations for generation of a pair of 40 GHz pulse 
. . h 1101 d 1010 b· d fil trams Wlt an maryco e pro es 
Through-Amplitude t p =..)1 - K p Phase Shift CPp (XlI/16) 
{0.04, 0.34, 0.90, 0.71} {27, 27, 20} 
3x3 {0.10, OA7, 0.95, 0.71} {1,lS,3} 
{OA1, 0.23, 0.3S, 0.71} 17,24,1} 
{0.96} {7} 
{0.78} {31} 
{ 0.78} { 6} 
{OAO} {7} 
1x9 {0.95} {13} 
{0.81} {14} 
{0.79} {31} 
{0.76} {lS} 
{0.86} {21} 
9x1 {0.59, OA, 0.43, 0.76, 0.69, {6,2,15,29,27,7,9,23,7} 0.78, 0.S5, 0.63, 0.01} 
Notes: 
(1) Parameters of the rings at column n are included in the nth {} 
We now consider practicallimitations such as imperfections on the PRRM and envelope 
shaping process. In particular, we investigate the impact of fabrication errors in tp and cp p of 
each ring element. For illustrative purposes, we consider the 3 x3 array that generates the 
binary code profile 1101. We assume that the fabrication error is uniformly distributed in a 
range of 0 to 1% for both tp and cp p and obtain the ER based on these imperfect parameters. 
We repeat the simulations 1,000 times and determine the average ER for the device. The 
results show that the fabrication errors should be < 0.5% in order to keep the ER >15 dB. 
We note that programmable ring-resonator-based integrated photonic circuits with accurate 
vertical coupling structures for tp and inde pendent controIs for the phase shift cp p have been 
demonstrated recently [104]. This indicates the practicality and feasibility of our temporal 
do main approach for PRRM and binary code generation. 
Since a large amoun~ of phase manipulations are involved in the PRRM process, the input 
pulse train undergoes a pseudo-multiplication process. As such, the output exhibits pulse-
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to-pulse phase variations, which can be evidenced from the 10 GHz peaks in the 
corresponding spectrum. This problem can be solved using a nonlinear conversion stage 
based on cross-phase modulation (XPM) in a wavelength-converting nonlinear opticalloop 
mirror (NOLM) [78, 105]. A typical configuration of NOLM is shown in Fig. 6.3 (a). In the 
wavelength-converting NOLM, a continuous-wave (CW) signal is sampled by the pulse 
trains with binary code profiles through XPM. When the pulse train is turned off, the CW 
signal is reflected by the NOLM; on the other hand, switching (or transmission) occurs 
when the CW signal acquires a nonlinear phase change of 7t. T 0 illustrate, we launch the 
output pulse trains from the RRAs into the NOLM comprising a 2.5 km highly nonlinear 
fiber (HNLF) with A<ff = 11 um2 and a zero dispersion "Wavelength at 1551 nm. The 
nonlinearity y of the HNLF is 20 W 1·km1. The probe and pump wavelengths are 1546 nm 
and 1557.4 n'in, respectively. Fig. 6.3 (b) and (c) compares the spectrum of the generated 
pulse train with binary code profile 1101 before and after the NOLM. Oearly, the spectral 
spacing of 40 GHz at the NOLM output indicates a "true" 40 GHz pulse train, as opposed 
to the 10 GHz spacing at the input. 
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Figure 6.3 (a) The configuration of NOLM; (b) spectrum of the pulse train with 
binary code praflle 1101 before NOLM; (c) spectrum after NOLM 
6.4.2 Phase-Only Filter 
Another important feature of RRA is that it can be designed to be a phase-only filter (all-
pass fllters) by removing the bottom waveguide bus as shown in Fig. 6.4. The advantage of 
this design is that the most energy has been conserved at the output since there is only one 
output port in the device. If nonlinear effects can be neglected in applications, the magnitude 
of the frequency response is constant while only phase terms have been altered. Compared 
with RRA combined amplitude-and-phase fùters, RRA phase-only fùters show advantages in 
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term of energy conservation. In this section, we investigate 2D RRA phase-only filters for 
PRRM with binary-code pattern generations. 
Input ---+ ~ Output 
[8~8 
M • •• • 
• • • 00·:::6 
Figure 6.4 Configuration ofM X N RRA phase-only filters 
First we design RRA phase-only filters to generate 40 GHz pulse trains with binary code 
patterns from a single uniform 10 GHz input pulse train. The foIlowing conditions are 
considered: a 2 X 2 RRA structure with a single waveguide bus has been used; the input train 
comprises 1 ps sech2 pulses (FWHM) and the FSR of aIl rings is equal to 40 GHz. We use 
Je = 0.5 for aIl couplers in the device and optimize the phase shifts cp p for each individual 
ring element. The optimization method is the same as used for LF-MZI in chapter 4. Since 
we have shown that MMI couplers with Je = 0.5 can be used to increase the fabrication 
tolerance in LF-MZI in chapter 5, we fixed aIl couplers in RRA phase-only fùter to provide 
50:50 splitting ratios. We hope this design can also bring fabrication ease and strong 
fabrication error tolerance to the device. The other advantage of this design is that we can 
achieve a tunable device by adding a thermal tuning mechanism to cp pin each ring element, 
thereby generating different target waveforms (1101/1011/1010 and etc.) with a single 
device. Note that tunable couplers are not required in this design. 
The simulation results are shown in Fig. 6.5 and the corresponding parameters for the 
results are listed in Table 6.2. 
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Figure 6.5 Generation of 40 GHz pulse trains with binary code proftles of (a) 1101; 
(b) 1011; (c) 1010. The device parameters are listed in Table 6.2 
Table 6.2 Parameters of a 2X2 RRA phase-only ftlter for generation of 40 GHz pulse trains 
with 1101/1011/1010 binary code proilles 
Binary codes 
1101 
1011 
1010 
Coupling Ratio J( 
{0.s,0.s}, 
{O.S,O.S} 
{O.S,O.S}, 
{O.S,O.S} 
{O.S,O.S}, 
{O.S,O.5} 
Notes: 
Phase ShiEt fjJ (Xn) 
{0.68,0.S} , 
{0.78,1.42} 
{1.02,0.46} , 
{0.26,1.92} 
{0.S6,1.48}, 
{0.44,0.06} 
(1) Parameters of the rings at column n are included in the n'h {} 
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6.5 Summaty 
We have numerically demonstrated the use of 2D RRAs to impIe ment the direct temporal 
domain approach for PRRM with arbitrary envelope shaping. First we configure 2D RRAs 
to be combined amplitude-and-phase filters and generate a pair of 40 GHz pulse trains with 
binary-code patterns 1101 and 1010 simultaneously. Other binary code combinations can 
also be generated by optimizing the RRA parameters. Since the RRAs perform both 
amplitude and phase filtering, the output will exhibit pulse-to-pulse phase variations. These 
variations can be removed using a NOlM and the XPM effect. 
Second, we design the RRAs to be phase-only filters and generate 40 GHz pulse trains 
with binary-code patterns 1101/1011/1010 by optimizing the RRA parameters. By using 
"MM! couplers with 3 dB splitting ratios in the device, the fabrication tolerance is expected to 
be improved greatly. We believe thatthe results shown in this chapter demonstrate that 2D 
RRAs have great potentials to be used for ultrafast photonic signal processing. 
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Chapter 7: Waveform generation using 2D RRA 
Arbitrary Optical Waveform 
Generation Using 2D RRA 
Arbitrary optical wavefonn generation (AOWG) is one of the most challenging topics in 
optical signal processing. AOWG can be in analogy with electrical wavefonn generation, in 
which square waveforms, triangular waveforms and even arbitrary waveforms can be 
obtained. However, generation of those waveforms directly in optical domain is not trivial. 
Sophisticated wavefonn synthesizing processes and complex optical filtering techniques are 
commonly required to create Waveforins from the optical pulse trains generated from ultra-
fast mode-Iock lasers. 
Traditional wavefonn generation methods are based on frequency domain processing and 
linear filtering, in which we specifically manipulate the different spectral components of the 
input pulse in amplitude and/or phase. However, the relationship between the input pulse 
spectrum and the target temporal wavefonn is not straightforward, especially for phase-only 
filtering processes. For example, if we need to generate an arbitrary wavefonn from a given 
input pulse, say Gaussian, it is difficult to detennine the phase response and the 
corresponding filter that generates the wavefonn. Efficient Fourier synthesis algorithms are 
necessary to synthesize the required spectral response as well as the filter technologies for 
their implementation. Several optimization and synthesis algorithms have been used to 
generate arbitrary waveforms, including genetic, Gerchberg-Saxton [107], and simulated 
annealing [86, 87] algorithms. In terms of hardware, one of the most popular 
implementations is based on a bulk optical 4f pulse shaper, which separates spatially the 
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frequency components of an input pulse and uses amplitude and! or phase masks to process 
the signal [15]. 
In this chapter, we propose an altemate method to synthesize arbitrary wavefonns using 
the direct temporal domain approach. In this approach, traditional frequency domain 
processing is not used and the waveform is synthesized purely in the temporal domain. 
While simple and compact optical filters structures are used, the waveform is synthesized by 
optimizing the filter parameters to obtain a specific temporal impulse response, without 
concem for the corresponding frequency response. The direct temporal domain approach 
was initially proposed to generate an ultra-high repetition rate pulse train from a low 
repetition rate pulse train using SP filters, details on the theory can be found in chapter 3. In 
this chapter, we show that this approach can aIso be applied for AOWG as weil as general 
pulse shaping pmposes, for example to generate a square waveform from a hyperbolic 
secant pulse train or a Gaussian pulse train. This approach is very different from the 
traditional spectral filtering approach which uses spectral filters to shape the input pulse 
spectrum into a sinc function (with amplitude and phase information preserved) in order to 
achieve a square waveform in the temporal domain. For implementation, we choose 2D 
RRA as the optical filter to perform the temporal waveform generation since ring resonators 
are a class of SP filters with a strong capability to manipulate their impulse responses. 
7.2 Theory and Configuration 
High repetition rate pulse trains with uniform or even arbitrary envelopes can he generated 
using an SP filter by implementing the direct temporal domain approach, as long as the input 
pulse width is sufficiently narrow (see chapter 3-5). When the FSR of the SP filter satisfies 
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certain conditions with respect to the new (output) repetition rate, PRRM is achieved; 
moreover, the output multiplied pulses (within the original period) can have very different 
amplitudes and phases due to the simultaneous amplitude and! or phase filtering process. 
These amplitudes and phases can be set independently of the input pulse shape, see Eqs. 
(3.4)-(3.7). We have also found that this characteristic can he used to generate and synthesize 
arbitrary waveforms at the rate of the original input pulse train. The basic principle of the 
direct temporal domain approach for AOWG is illustrated in Fig. 7.1. First, we choose an SP 
filter to perfonn PRRM with a unifonn output envelope. When an input pulse train with a 
broader pulse width is launched into the same SP filter, PRRM takes place, but there will he 
an interference among the output pulses. Next, we carimanipulate and optimize the 
amplitude and phase of each individual output pulse (in the multiplied train) to generate the 
specified wavefonn (at the input repetition rate). The keyin this approach is that we must 
find an SP filter which can simultaneously perfOlm PRRM and manipulate the amplitude and 
phase of each individual output pulse with a range of freedom The amplitude and phase of 
each individual output pulse is controlled by specifying the value of the temporal impulse 
response of the filter. This approach is very different from general spectral filtering 
approach which normally uses spectral filters to shape the input pulse spectrum into a 
special shape (with amplitude and phase information preserved) in order to obtain the 
desired wavefonn in the temporal domain. 
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PRRMwitha 
narrow input 
"'1 F~;er 1 ... 1!!!!!!! ... · .. il!! 
Ca) 
PRRMwith a 
wide input pulse ~ 
"'1 F~;er 1'" NNttM· .... ·NM 
(b) 
Waveform generation A A with an optimized SP 
....... ~ ... 1 F~!:r 1-+ ]A 1X\; ...... .m.. 
Cc) 
.. Figure 7.1 Schematic of arbitrary waveform generation using the direct temporal 
domain approach; Ca) PRRM output with a uniform envelope from an input pulse 
train withnarrow pulse widths; (b) PRRM outputfroni an input pulse train with 
wide pulse widths; Cc) waveform generation with an optimized SP fllter and an input 
pulse train with wide pulse widths. . 
In chapter 6, we show the use of 2D RRA to perform PRRM with binary code proflies by 
implementing the direct temporal domain approach. In this chapter, we still use 2D RRAs as 
required SP @ters to perform AOWG. 
The configuration of an MxN 2D RRA can be found in Fig. 6.1 Ca), which incorporates 
two waveguide buses on top and bottom to form a 2D RRA combined amplitude-and-phase 
fliter. The calculation of this device can also be found in Section 6.3, where the overall RRA 
transfer function can be obtained. 
The design of the RRA structure for waveform generation is different from that for the 
PRRM purpose because the generated waveform has the same repletion rate as the input. 
Since the PRRM process is only used to generate the waveform instead of multiplying 
repetition rate, the multiplication factor N in PRRM process can be any integer. Since our 
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temporal domain waveform generation approach is based on interference among the newly 
generated pulses in the original repetition period, it will be very helpful to have a large 
number of multiplication factor N in the PRRM process. According to Eqn. (3.7), a large 
FSR may be required to generate a large multiplication factor N. However, if N is too large, 
it will be very difficult for the RRA to manipulate the amplitudes and phases to any arbitrary 
values and more ring elements are required to enhance its control for the impulse response. 
In term of that, a small multiplication factor is recommended. Therefore, the proper 
selections of multiplication factor, FSR and the total number of rings of the device are vital 
in our temporal domain approach for AOWG. 
The next step is to find a proper set of values of tp and rp p of the device, by which RRA 
can perform PRRM and simultaneously manipulate amplitudes and phases for the newly 
generated output pulses, thereby generating a special waveform at output. It is important to 
stress that the parameters of the RRA are optimized to generate a specific temporal impulse 
response of the filter in order to control the amplitude and phase of the output pulses. In 
order to find a proper set of values of tp and rp p to generate a specified waveform, a 
powerful optimization algorithm is highly desirable. We use a similar optimization process as 
we used in Chapter 3 for LF-MZI, but with sorne modifications. The major difference is that 
aIl sampling points within a period at the output (i.e. the input period) are compared with the 
target waveform and a weighted RMS error function is used to evaluate the optimized results. 
Furthermore, in our optimization process, we use quantized ratherthan arbitraryvalues for tp 
and rp p , since values with a high precision may be difficult to realize in practice. 
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7.3 Simulation Results 
As an example, we consider a 5 x5 RRA for arbitrary wavefonn generation. The 
multiplication factor is set to 16. A 10 GHz train of hyperbolic secant input pulses is 
launched at input 1; we assume no input signal at input 2. The FWHM of each hyperbolic 
secant pulse is 8 ps as shown in Fig. 7.2(a). The objective is to transfonn this hyperbolic 
secant pulse into a square wavefonn with 5 ps rise and fail cimes, and a 40 ps flat-top. 
In our simulation, we set the FSR of the filter to 160 GHz (corresponding ring radius is 
0.199 mm for an effective index ne = 1.5) and assume that the totalloss in the whole device is 
30%. We use the simulated annealing algorithm and a weighted RMS error function to 
optin1ize the filter parameters, namelythe through-amplitude tp and the additional phase shift 
lPp foreach ring element. We quantize tp and lPp in steps of 0.01 and n/16, respectively. The 
weighted RMS error function is defined as error = (tWnllou,pu, -I,arge, 12) where 1 is the 
intensity, N is the total sampling number in one repetition period, and Uf. is the weight for 
each sampling point. 
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Figure 7.2 (a) Input and target waveform in one repetition period; (b) The generated 
square-like waveform; (c) The generated waveform in dB scale. 
The results are shown in Fig. 7.2(b) and (c); the corresponding filter parameters are given 
in Table 7.1. Fig. 7.2(b) shows the generated square-like waveform. The rising and falling 
edges are weil matched to the target pulse and there are smail oscillations in the flat-top 
portion. Fig. 7.2(c) is a re-plot of 7.2(b) but in dB scale. It can be seen that the ER, defmed 
as the ratio of the smailest intensity in flat-top and the largest intensity in background, is 
around 25 dB. The peak-to-peak variation in the flat-top is 0.9 dB. 
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Figure 7.3 Spectrum of the 10 GHz pulse train at the RRA input and of the square-
like wavefottn at the output. Amplitude (a) and (c); phase (b) and (d). 
Fig. 7.3 shows the spectra (amplitudes and phases) of the 10 GHz hyperbolic secant pulse 
train at the input and the square-like waveform at the output. It can be seen that while the 
amplitude response of the output waveform exhibits the same 10 GHz spectral spacing as 
the input, the magnitudes for each individual mode have been altered which shows the 
amplitude-fùtering nature of the RRA. In addition, the input and output phases are 
completely different which shows the phase-ftltering nature of the RRA. Since our approach 
only processes the waveform in the temporal domain, the spectral shape of the output (and 
consequently of the fùter) is not important in our approach and optimization algorithm; 
both magnitude and phase can be manipulated by RRA with a large scale of freedom (note 
in particular that the output spectrum does not exhibit any sinc-like features). This 
demonstrates the flexibility of the temporal domain approach over amplitude and phase 
fùtering approaches which needs to alter the spectrum to a sine shape (with appropriate 
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phase jumps), or the phase-only filtering which is constrained to maintaining a constant 
magnitude or a uniform loss for ail wavelengths. 
As a second example, we use the RRA to generate a triangular waveform which has 30 ps 
rising and falling times from the same input hyperbolic secant pulse train. The FSR of the 
RRA is still 160 GHz. The optimized RRA parameters ~ and CfJp are also given in Table 7.1. 
Fig. 7.4 shows the generated triangular waveform, which is weil matched to the target. We 
ob tain similar results when generating triangular waveforms of different widths, which 
demonstrate that this approach is extremely powerful for generating arbitrary waveforms. 
-lnputSech Pulse 
1.0 - - Target Waveform - - Target Waveform 
--Generated Waveform 
.--.0.8 0.2 
(0 ~ ~ 0.6 
"Cn 
>." c ~ Q) en 0.4· ë 0.1 c 
Q) 
...... 
c 0.2 
.", 
.... 
O.q) .", 20 80 100 0.00 40 60 100 
Time (ps) 
(a) (b 
Figure 7.4 (a) The input hyperbolic secant pulse train at 10 GHz and the target 
waveform; (b) the target waveform and the generated triangular waveform form the 
RRA. 
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Table 7.1 Parameters of the RRA configuration for generation of a square waveform and a 
triangular waveform from a 10 GHz hyperbolic secant pulse train. 
Waveform Type FSR Through-Amplitude t p = ~1 - K p Phase Shift cp, (x!!....) (GHz) p 16 
{0.94, 0.82, 0.96, 0.97, 0.02, 0.99} {18, 0, 7, 5, 19} 
{0.42, 0.55, 0.75, 0.5, 0.93, 0.94} {29, 16,22, 19,28} 
Square 5x5 160 {0.44, 0.21, 0.88, 0.76, 0.34, 0.46} {8, 2, 15, 12, 8} 
{0.4, 0.48, 0.17, 0.97, 0.37, 0.57} {10,7,25,27,8} 
{0.16, 0.17, 0.69, 0.34, 0.91, 0.96} {l, 17, 14, 13, 6} 
{0.51, 0.06, 0.84, 0.83,0.76, 0.99} {l, 12, 18,0, 19} 
{0.42, 0.44, 0.10, 0.72, 0.88, 0.81} {24,26,29, 18, 14} 
Triangle 5x5 160 { 0.87,0.94,0.64,0.37,0.32, 0.17} {7, 4, 24,10, 25} 
{ 0.59,0.86,0.90,0.06,0.84, 0.47} pO, 31, 9, 4, 1} 
{ 0.82,0.32,0.98,0.29,0.23, 0.99} {16, 19,6, 14,12} 
Notes: 
There are 6 couplers but 5 phase shifters in each column. 
We have aIso investigated the impact of the input pulse width (FWHM) on the quality of 
the generated waveform. If the FWHM varies in a range of ± 0.8 ps from its ide al value (8 
ps), a good square-like waveform can he maintained with the sarne set of filter pararneters. 
Otherwise, we need to re-optimize the ring resonator pararneters. In particular, when the 
FWHM of the input pulse is between 6 ps to 9 ps, a good square-like waveform can he 
synthesized using the optimization algorithm. However, if the FWHM < 6 ps, we cannot 
limit the peak-to-peak variations to < 1 dB in the flat-top, even after re-optimization. 
Moreover, if the FWHM > 9 ps, the rising and falling tirnes (5 ps) cannot be achieved. We 
aIso investigated the use of Gaussian input pulses to generate the square-like waveform. The 
result is similar to that obtained using hyperbolic secant pulses, which demonstrate that 2D 
RRAs have a big potential to synthesize square-like wavefonns and even arbitrarily defined 
waveforms using the direct temporal domain approach. 
Next, we investigate the impact of fabrication errors in tp and cp p of each ring element. 
For illustrative purposes, we consider the same 5 x5 RRA that generates the square-like 
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wavefortn. We assume that the fabrication errors are uniformly distributed in a range of 0 to 
2.5% for tp and 0 to 1 % for cp p of ail rings in the RRA and obtain both ER and the peak-to-
peak intensity variations in the flat-top portion based on these imperfect parameters. We 
repeat the simulations 10,000 rimes and de termine the average ER for the device. Fig. 7.5(a) 
shows a contour plot for the average extinction ratio as the fabrication errors in ~ and cp p 
vary from 0 to 2.5% and 0 to 1 %, respectively; Fig. 7.5(b) shows the contour plot for the 
peak-to-peak variations in the flat-top portion. 1t can be seen that in order to maintain both 
an ER greater than 15 dB and peak-to-peak variations less than 2.5 dB, the fabrication error 
of ~ and Cpp should be within 2% and 0.8%, respectively. We note that programmable ring-
resonator-based integrated photonic circuit with an accurate vertical coupling structure for ~ 
and independent controls for phase shift cp p have been demonstrated [104], which indicate 
the practicality and feasibility of our temporal domain approach for arbitrary waveform 
generation. 
Average Extinction Ratio (dB) Peak~to-Peak Variation in Flat-Top(dB) 
2 
% Error in Phase % Error fi Phase 
(a) (b) 
Figure 7.5 Contour plots for fabrication errors in the RRA for the square waveform 
generation; (a) the average extinction ratio; (b) peak-to-peak intensity variation in the 
flat-top portion. 
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Since 2D RRAs are combined amplitude-and-phase fùters, the generated waveform will 
exhibit phase variations in each repetition period. These phase variations can be removed 
using a nonlinear -.conversion stage based on XPM in a wavelength-converting NOLM as 
shown in Fig. 6.3(a). We launch the square waveform pulse train generated from the 2D 
RRA into the NOLM comprising a 2.5 km HNLF with A1f = 11 t-tm2 and a zero dispersion 
wavelength at 1551 nm. The nonlinearity y of the HNLF is 20 W-1 ·km-1• The probe and 
pump wavelengths are 1548 nm and 1557.4 nm, respectively. After optimizing the NOLM 
parameters, the results are shown in Fig. 7.6 and it can be seen that the phase variations are 
completely removed. Furthermore, the extinction ratio increases from 25 dB to 32 dB while 
the power variations in the flat-top increases to 2 dB partially because of the side-effect of 
the nonlinearity and the bandpass fùter used in the system. 
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Figure 7.6 Intensity and phase plots of (a) the input of the square waveform 
generated from the 2D ring resonator array and (b) the output from the NOLM. 
7.4 Summary 
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We proposed a novel technique for AOWG using the modified direct temporal domain 
approach and SP fùters. By properly choosing the pulse width of the input pulse train, SP 
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filter parameters and PRRM parameters, AOWG can be generated. We demonstrated the 
use of 2D RRAs to synthesize square and triangular waveforms with the direct temporal 
domain approach. A square-like waveform with a 5 ps rising cime, a 40 ps flat-top period, 
and a 5 ps falling time is generated by this filter from a hyperbolic secant input pulse with a 
FWHM of 8 ps. A high extinction ratio (25 dB) is observed in the generated square-like 
waveform and the peak-to-peak intensity variation in the flat-top portion is 0.9 dB. 
Furthermore, the phase variations in the generated waveform can he removed by using a 
NOLM. In addition, we have shown the generation of a triangular waveform with a 30 ps 
rising cime and a 30 ps falling time. These results show that the direct temporal domain 
approach can be applied to perform AOWG as weIl as general optical signal processing and 
pulse shaping. 
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8.1 Conclusion of Thesis 
The traditional attentions for PRRM and waveforrn generation are mainly paid to the 
frequency domain approach, where a special spectral response has to be synthesized using 
complex optical filters and "time-to-space" apparatus. The unavoidable bulk optical 
components used in the frequencyapproach limit the photonic integration abilities which are 
very important in many applications. Furtherrnore, sorne important temporal information 
cannot be found directly from the spectral expressions, even though the temporal and 
frequency expressions represent same signais. In this thesis, we have presented a direct 
temporal domain approach for PRRM with arbitrary envelope shaping as weIl as AOWG 
using SP filters, which can be an alternative to the weIl known spectral synthesis rnethod. 
The filters required in the approach can be fabricated using silica-on-silicon waveguide 
technology and PLCs, where bulk optical components are totallyavoided. 
We first derive a temporal domain approach for PRRM using SP filters in Cbapter 3, 
where a rigorous mathematic prove is given using E udidean alg:»ithm We show that the 
repetition rate of an input pulse train can be multiplied by a factor of N, where N is directly 
related to the repetition rate of the input pulse train and the FSR of the optical filter. The 
individual output pulses maintain their original intensity shape without any distortion. 
Furtherrnore, we can tailor the envelope of the output pulse train to obtain any arbitrary 
profile using the temporal domain approach. One advantage of our approach is that we only 
need to synthesize ho (t) at N discrete points within the original repetition period to obtain 
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N pulses, while synthesizing the entire impulse response or synthesizing the entire frequency 
response is not required. 
Based on the approach, we first numerically demonstrate the use of LF-MZI to perform 
PRRM with arbitraryenvelope patterns in chapter 4. Using simulated annealing optimization 
algorithm, we theoretically show that 40 GHz pulse trains with uniform patterns, binary-
code patterns, and triangular patterns are obtained from a 10 GHz pulse train. In addition, 
we show that the waveguide loss can be compensated in the design without affecting PRRM 
effects and the envelope patterns. The tolerance analysis shows that the device we proposed 
can tolerate 5% and 25% fabrication errors for filter parameters t and cp, respectively. In 
Chapter 5, we present experimental results of (1) 25 MMI couplers with different dimension 
to verifythe best MMI coupler design, (2) one 2-stage LF-MZI that performs 10 GHz to 40 
GHz PRRMwith a uniform pattern, and (3) two 4-stage LF~MZI that perform 40 GHz 
pulse train generation with binary code patterns of 1011and 1101. To our knowledge, this is 
the first demonstration of ultrafast binary-code pulse train generation using PLCs. The 
simulation results have good agreements with experimental results in both temporal and 
frequency domains. 
In Chapters 6 and 7, we investigate another type of SP filters that can also be fabricated 
on PLCs: 2D RRAs. We theoretically demonstrate the use of 2D RRAs to perform PRRM 
with binary-code patterns. The significant achievement is that we generate a pair of 40 GHz 
pulse trains with different binary-code patterns from a single 10 GHz pulse train. 
Furthennore, we show that 2D RRAs can he used for ultrafast AOWG using the modified 
direct temporal do main approach. Using simulations, a square waveform and a triangular 
waveform are successfully generated from a hyperbolic secant pulse train. Those ultrafast 
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optically generated waveforms can be key components in ultrafast optical switches and 
ultrafast OIDM networks. 
8.2 Future work 
The future work following the research in this thesis includes (1) fabrication of tunable LF-
ZMIs, in which any binary code patterns can be generated from a single PLC device, and (2) 
fabrication of 2D RRA for PRRM and AOWG. 
Although we experimentally demonstrated 40 GHz binary-code pulse train generation 
using fixed LF-MZIs, it is more desirable to fabricate a tunable LF-MZI which can generate 
any binary-code pattern by varying the phase shifts in MZI stages. Therefore, we can 
fabricate a device with tunable phase shifts in all MZI stages using thennal-optical effect of 
the silica waveguide [108, 109]. Since the refractive index of the silica waveguide varies with 
temperature by 1 xl0-5joC at 1550 nm, 27r phase change can be easilyobtained. Furthermore, 
with tuning ability in the device, more optical signal processing functions can be realized and 
the fabrication errors of phase shift can be neglected. 
Following our theoretical demonstration of AOWG using 2D RRAs, it would be very 
interesting and important to fabricate a real 2D RRA device, which can further verify the 
modified direct temporal approach for optical waveform generation. The 2D RRAs can he 
fabricated on silica-based PLCs using MJvll couplers and phase shifters that are already 
demonstrated in LF-MZI devices. In addition, vertically coupled directional couplers, which 
are demonstrated in [104,110], can be another practical coupler design for 2D RRAs. 
In conclusion, this thesis demonstrates the use several PLGbased SP filters to perform 
PRRM and AOWG based on the direct temporal domain approach. There is still plenty of 
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work to do and the results shown in this thesis can selVe as a starting point and comerstone 
for further investigation on using SP filters and time-domain theory for ultrafast optical 
signal processing. We expect that more types of SP filters based on various PLe structures 
can be designed and realized to achieve numerous ultrafast optical signal processing 
functionalities in the future. 
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The E uclidRanA 19xithm is an algorithm to find the large st cormnon divis or of two integers A 
and B (assuming A > B). For any integer A and B, there are unique integers q and r, such 
that 
A=Bq+r (05:r<B) 
Here A is called the dividend, B is called the divisor, q is called the quotient, and r is called 
the rernainder. Therefore, we have: 
A = B x qo + t; (05: rI < B) 
B = t; X ql + r2 (05: rz < li) 
t; = r2 x q2 + r3 (05: r3 < r2 ) 
It can be seen that rn decreases as n increases and eventually will he equal to o. When 
rn+1 = 0, rn is the large st cormnon divisor of A and B. This is because when rn+l = 0, rn can 
divide rn_1 (i.e. rn_1 = r" x qn) and then rn can divide rn_2 • Using recursion, we can show that 
eventually rn can divide both A and B. Therefore, rn is one of the cormnon divisors of A 
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and B. On the other hand, we can assume that c is one of the common divisors of A and B. 
We can see that c must divide ri because t; = A - B x qo . With a similar recursion process, it 
can be seen that c must divide r2 , r3 ••• and rn • Since C ~ rn , rn must be the largest common 
divisor of A and B. 
Now if we reconsider the expression of nN +n'D and assume N > D, we have: 
rn = rn_2 - rn_1 x q n-l 
rn_1 = rn_3 - 1",'-2 X q n-2 
t; = N - D x qo 
Finally, rn can be expressed bya linear combination of N and D, i.e. rn = clN + c2D, 
where CI and C2 are both integers. Since the largest common divisor of N and D is 1, we 
Hence, for any mteger m, we can find that 
m = m( CI N + c2 D) = nN + n' D. Therefore, nN + n' Dean be any integer number. 
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A Direct Temporal Domain Approach for 
Pulse-Repetition Rate Multiplication With Arbitrary 
Envelope Shaping 
Bing Xia and Lawrence R. Chen, Member, IEEE 
Abstract-We present a direct temporal domain approach for 
pulse-repetition rate multiplication (PRRM) with envelope shaping 
using spectrally periodic optical filters. We show that the repetition 
rate of an input pulse train can be multiplied by a factor N using 
an optical filter with a free spectral range that does not need to 
constrained to an integer multiple of N. Individual output pulses 
in the newly generated pulse train have exactly the same intensity 
shape as those at the input. Furthermore, the amplitude of each 
individual output pulse can be manipulated separately to form an 
arbitrary envelope (profile) by optimizing N discrete values of the 
opticaI filter impulse response h ( t). We demonstrate the direct 
temporal domain approach by designing a combined amplitude-
and-phase fiIter based on a lattice-form Mach-Zehnder interfer-
ometer and simulation results show that PRRM with uniform and 
arbitrary profiles can be performed using these type of filters. 
Index Terms-Lattice-form Mach-Zehnder interferometers, 
optical fiIters, pulse-repetition rate multiplication (PRRM), pulse 
shaping, spectrally periodic filters, u1trafast pulse generation. 
1. INTRODUCTION 
T ECHNIQUES for the generation, control, and manipulation of ultrashort optical pulses have become increasingly im-
portant in many scientific areas inc1uding, among others, ultra-
high-speed optical time-division-multiplexed (OTDM) transmis-
sion, photonic signal processing, optical sampling, studies on the 
transient and nonlinear properties of materials or molecules, and 
biophotonics [1], [2]. In orderto generate ultrahigh repetition rate 
pulse trains, conventional modulation methods may not be suit-
able; therefore, techniques forpulse-repetition rate mul tiplication 
(PRRM) are highly desirable. 
Ultrafast optical pulse shaping techniques are traditionally fo-
cused on frequency domain signal processing, whereby the dif-
ferent spectral components of the input pulse are manipulated 
separately. One ofthe most successful implementations is based 
on a bulk optic 4f pulse shaper which separates spatially the fre-
quency components ofthe input pulse and uses amplitude and/or 
phase filters to process the signal [2], [3]. Indeed, this approach 
has been used in a variety of applications requiring specialized 
pulse waveforms. Recently, there has also been considerable in-
terest in using dispersive optical filters, such as chirped fiber 
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Bragg gratings (FBGs), to implement the temporal fraction al 
Talbot (self-imaging) effect for PRRM [4]-[6]. However, the 
temporal Talbot condition for obtaining good quality pulses is 
strict and hard to satisfy. Moreover, the method is not flexible in 
the sense that output pulse trains with only uniform envelopes 
(profiles) can be generated. Thus, a simpler, more flexible tech-
nique for PRRM with envelope shaping is required. 
The use of spectrally periodic amplitude and/or phase filters 
for performing PRRM is weIl known and there have been sev-
eral demonstrations of generating ultrahigh repetition rate pulse 
bursts or trains. Sizer demonstrated that a pulse train at 984 MHz 
can be generated from a pulse train at 82 MHz using a Fabry-
Pérot etalon as a static repetition rate upconverter [7]. Leaird 
et al. showed that pulse bursts at 500 GHz can be generated 
from a low repetition rate mode-locked laser by using an arrayed 
waveguide grating (AWG) [8]-[11]. The AWG used in their 
experiments functions as an amplitude filter to spectrally slice 
the source spectrum, thereby generating an ultrahigh repetition 
rate pulse burst. By properly stitching consecutive bursts, a con-
tinuous output pulse train, and hence PRRM, can be achieved. 
Petropoulos et al. showed that a uniform pulse train at 40 GHz 
can be obtained from a lO GHz input train using a periodic filter 
with a sinc-shape in the frequency domain based on a sampled 
FBG [12], and Azana et al. showed the generation of 170 GHz 
pulse bursts using superimposed FBG's [13]. 
The underlying principle of PRRM using spectrally periodic 
amplitude filters is commonly explained with mode-selection 
theory: a pulse train with a repetition rate R comprises a series 
of modes in the frequency domain which are also periodic with a 
mode spacing equal to R.1f the amplitude of a spectrally periodic 
filter has a larger mode spacing that is a multiple of R, then the 
output will have the same increased mode spacing, thereby re-
sulting in an increased repetition rate of the input train. However, 
from spectral analysis only, it is not always straightforward to 
see how the amplitudes of the individual output pulses in the 
newly generated pulse train can be controlled and modulated 
(this is especially true when considering phase-only filtering 
approaches). Hence, it is necessary to explore an alternative 
approach to explain why and how PRRM can be obtained with 
simultaneous envelope shaping (i.e., specifying the amplitudes 
of the output pulses) using spectrally periodic filters. 
In this paper, we develop an alternative temporal domain 
approach for PRRM with arbitrary envelope shaping using 
spectrally periodic optical filters (see Fig. 1 for a schematic 
diagram). Although a frequency domain derivation can also be 
used, we find that the direct temporal domain approach is more 
\077-260X/$20.OO © 2005 IEEE 
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repetition rate N*R 
Fig.!. Diagram for PRRM using spectrally periodic filters. 
powerful and straightforward, especially for envelope shaping. 
This approach can be applied to any spectrally periodic filter, 
su ch as amplitude-only filters, phase-only filters, and combined 
amplitude-and-phase filters. We show that the repetition rate 
of a pulse train can be multiplied by a factor N, where N is 
directly related to the repetition rate of the input pulse train 
and the free spectral range (FSR) of the optical filter. The in-
dividual output pulses maintain their original intensity shape 
without any distortion ifthe pulsewidth is narrow enough to avoid 
overlap of two consecutive pulses. Furthermore, in addition to 
multiplying the repetition rate, we show that we can tailor the 
envelope of the output pulse train to obtain any arbitrary profile. 
This feature can be used to obtain complex output profiles, such 
as digital pulse codes [14], [15] or more complex waveforms, 
which may be useful for many applications such as generating 
packet headers or the photonic generation of microwave/mil-
limeter waveforms, or in instrumentation such as pump-probe 
experiments. In order to verify our approach, we numerically 
study lattice-form Mach~Zehnder interferometers (MZIs) that 
implement combined amplitude-and-phase filtering [16]. The 
simulations demonstrate that these filters are capable of per-
forming PRRM as weil as PRRM with specially tailored output 
profiles, such as binary code profiles and triangular profiles. 
IL DIRECT TEMPORAL DOMAIN ApPROACH FOR PRRM 
We begin by expressing the periodic input pulse train as 
follows: 
+oc 
al(t) = ao(t) @ L o(t - nT) (1) 
n=-cx::: 
where ao(t) represents the complex enve10pe of an individual 
input pulse, @ is the convolution operator, T = 1/ R, and R is 
the pulse-repetition rate. A spectrally periodic filter has a peri-
odic frequency response which can be expressed as 
1 +oc ( n) H(f)=Ho(f)@- L 0 f--
TFSR n=-oc TF SR 
(2) 
where Ho(f) is the complex envelope offrequency response of 
the optical filter in one period and TFSR is the filter's unit de1ay 
which is given by the inverse of the FSR: TFSR = l/FSR. Using 
inverse Fourier transforms, we can express the temporal domain 
impulse response of the optical filter h( t) as 
+oc 
h(t) = ho(t)· L o(t - n'TFsR ) 
n'=-cx::; 
+oc L ho(n'TFsR)O(t - n'TFsR). (3) 
n'=-oc 
When an input pulse train passes through the optical filter, the 
output can be written as 
a2(t) 
=al(t)@h(t) 
+oc +oc 
=ao(t)@ L o(t-nT)@ L hrJn'TFsR)O(t - n'TFsR) 
n=-oc n'=-CXl 
+= +oc 
=ao(t)@ L L ho(n'TFsR)O(t - nT - n'TFsR ). (4) 
n=-oc n'=-oo 
It can be seen from (4) that the output signal is periodic with a 
new repetition rate which is determined by the original pulse-
repetition period T and the filter's unit delay TFsR. We assume 
T /TFSR = N / D where N and D are bath integers, and N / D 
is an irreducible rational number. 
First, we consider the simplest case where D = 1. Equation 
(4) then becomes 
+00 +00 ~ D 
ait) =arJt) @n~ocn,~~ho(n'TFsI0lei<I>n'o~-(nN+n') Fi) 
(5) 
where Iho(n'TFsR)1 and ei<I>n' are amplitude and phase 
terms of ho(t) at t = n'TFsR. Since n and n' can be 
any integers, the term L:n L:n,(nN + n') forms a full 
set of integers regardless of the value of N. Therefore, 
L:~:-oc L:;,'::-oo o(t - (nN + n')T/N) has a functional 
form that is equivalent to L:;~oo o(t - pT/N). If the input 
pulsewidth of ao(t) is sufficiently narrow, i.e., two consecutive 
pulses at the new repetition rate will not overlap, and then the 
output a2(t) is still a pulse train where the individual output 
pulses have exactly the same intensity shape as the input, but 
with a new repetition rate that is multiplied by N. 
We now generalize the above results and consider D to be any 
possible integer number. In this case, (4) becomes 
a2(t) 
+00 +00 ( T) 
=ao(t) @n~ocn,~~ho(n'TFSR)lei<I>n' 0 t- (nN+n' D) N . 
(6) 
The key in (6) is whether (nN + n' D) can represent any 
arbitrary integer. According to the Euclidean Algorithm, indeed 
(nN + n' D) is an integer, since the largest common divisor 
(including one) of two integers A and B can be expressed 
as a linear combination of these two integers [17]. There-
fore, L:~:-= L:~,":,-oo o(t - (nN + n' D)T/N) also has a 
functional forrn that is equivalent to L:;~= ,set - pT/N). 
This derives the important result that the repetition rate of 
the input pulse train can be multiplied by Neven though 
T = (N / D)TsFR. We see that (4) is a special case of (6) with 
D = 1. As before, the term Iho(n'TFsR)1 in (6) can also be 
treated as an amplitude coefficient for the output. 
There are a few observations we can make from (6). First, 
PRRM can be obtained by properly choosing T and TFSR . The 
multiplication factor N is given by 
~ = FSR = N or N = ~ D = FSR D. 
TFSR R D TFSR R 
(7) 
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TABLE 1 
SUMMARY OF THE TEMPORAL DOMAIN ApPROACH FOR PRRM 
Input pulse OUtput pulse 
train train 
Repetition Rate R N'R 
Pulsewidth Lit Lit (RMS) 
Individual pulse C" 1 (Arbitmryvalue 
amplitude IxtuœnOand 1) 
Individual pulse 
to pulse phase 
variation 
This provides a lot of ftexibility for choosing the FSR of the 
filter to obtain a required value of N in order to achieve a new 
repetition rate. In particular, it can simplify the design of the 
optical filters, since the FSR does not necessarily need to be 
constrained to R if we choose D > 1. Note that PRRM based 
on mode-selection corresponds to the special case of D = 1. For 
the case of D > 1, the FSR can vary in a range according to (7) 
to achieve the same multiplication factor N. This may provide 
sorne addition al ftexibility in optical filters, since very large FSR 
of an optical filter' may not always practically realizable due 
to material/bending losses or strict requirement of fabrication 
accuracy. One specific ex ample are ring resonator structures. In 
order to achieve large FS~a ring resonator requires very tiny 
radii, which may bring.bending losses. Therefore, the use of a 
smaller FSR would be desirable. 
Since the pulsewidth of ao(t) should be smaller than the new 
repetition period in order to avoid an overlap of two consecutive 
output pulses, the input pulsewidth !::J.t (RMS) and pulse band-
width !::J.v should satisfy the following condition 
T TFSR 1 
!::J.t < N = ------n = D· FSR) !::J.v>D·FSR. (8) 
At the same time, the upper limit for the FSR can be also derived 
from (8) when D and !::J.t are fixed. 
Second, we can see in (6) that the amplitude of each in-
dividual pulse in the output train is decided by the terrn 
Iho(n'TFsR)I. Note that Ln' Iho(n'TFSR)I forrns a series of 
numbers, each of which corresponds to the norrnalized peak 
of each individual pulse in the multiplied output pulse train. 
Therefore, in (6), multiplying the terrn Iho(n'TFsR)1 will not 
affect the pulse shape, the pulsewidth, or the pulse number; the 
terrn Iho(n'TFsR)1 can be treated simply as an amplitude or 
weighing coefficient. Note that we ignore the phase terrn ejif>n' , 
since it does not have an effect on the pulse intensity. However, 
the phase terrn cannot be ignored in applications where the 
phase variation from pulse to pulse is important (note further 
that any pulse shaping approach based on phase filtering will 
nominally create pulse-to-pulse phase variations). 
Since the amplitude of each individual pulse can be adjusted 
by the amplitude coefficients Iho(n'TFsR)I, an output pulse 
train with an arbitrary profile can be obtained by setting 
Iho(n'TFSR)I =lho(t)llt=n'TFsR = IIFFf[Ho(f)lllt=n'TFsR 
=Cn , (n'=O:N-l). (9) 
Spectrally periodic Spectrally periodic 
fllter by time-domain fllter by mode· 
approach selection theory 
FSR=N'R/D FSR=N'R 
FSR< 11(D'Llt) FSR<lILit 
C,,= 1 bit) l(t=n'T;.,,) NIA 
n'=O, .... N·l 
e'cJl,", 
n'=O, .... N·l 
NIA 
If Co = Cl ... = C N -1, the output is a uniforrn pulse train. 
On the other hand, if we set Cn' to a set of different values, a 
pulse train with a user-defined profile can be obtained. In this 
latter case, in order to satisfy (9), an optimization algorithm is 
required to obtain the parameters of the optical filter. The ad-
vantage of (9) is that instead of synthesizing the entire filter im-
pulse response ho(t), we only need to synthesize ho(t) = Cn' 
at N discrete time points within a period of T. This simplifies 
tremendously the optimization process and filter design com-
pared to the frequency domain approach. 
Third, when (7)-(9) are satisfied, the pulse-repetition rate 
will always be multiplied by N regardless of the pulse shape. 
The practicallimit is that the input pulsewidth must be narrow 
enough so as to avoid the interference of two consecutive pulses 
at the output as shown in (8). Since femtosecond mode-Iock 
lasers are a mature technology, terahertz repetition rates can be 
expected. 
We summarize and compare the temporal domain approach 
with mode-selection theory in Table I. Although PRRM can be 
perforrned by both approaches, the direct temporal domain ap-
proach shows sorne advantages and ftexibility in filter design, 
namely: 1) the free spectral range of the filter does not need to 
be constrained to a multiple of Rand 2) we can easily see how 
that the individual pulse amplitudes can be controlled and ma-
nipulated for perforrning arbitrary envelope shaping. 
III. SIMULATIONS 
A. Lattice-Form Mach-Zehnder Interferometer 
Following the theory developed in Section II, we numerically 
investigate lattice-forrn MZIs to perforrn PRRM. Recently, the 
lattice-form MZI shown in Fig. 2, has attracted considerable 
interest for applications in dispersion compensation [16], [20], 
[21]. In Fig. 2, Km is the coupling coefficient of the mth direc-
tional coupler, !::J.L is the length difference of the two arms in 
the MZI, and the FSR is deterrnined by FSR = cjne!::J.L where 
ne is the effective index of the waveguide medium. <Pm is the 
relative phase shift added to each MZI stage. This device is a 
finite impulse response (FIR) filter which does not incorporate 
any feedback loops and perforrns both amplitude and phase fil-
tering. 
In our simulations, we use the simulated annealing algorithm 
[18], [19] to optimize the device parameters of the MZI. In 
particular, we set the simulation target to htarget (n'TFsR) = 
Cn' (n' = 0 : N - 1) according to the designed profile of the 
.-
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Fig. 2. (a) Configuration of lattice-form MZI; è;.L is the Iength difference; CÏ>i and Ki are phase shift and the coupling coefficient of MZI at each stage. 
(b) Configuration of all-pass ring resonator; l' is the radius; i(>i and Ki are phase shi ft and the coupling coefficient of ring resonator at each stage. 
output [see (9)]. An error function, which is used by the sim-
ulated annealing algorithm to optimize the filter parameters, is 
defined as 
N-l 
error = L Iho(n'TFsR) - htarget(n'TFsRW 
n'=O 
N-l 
= L Iho(n'TFsR ) - Cn '1 2 . (10) 
n'=O 
The parameters that need to be optimized for the lattice-forrn 
MZI are the "through-amplitude" parameter, defined as t = 
~, and the phase shi ft <Pm. 
As a first example, we consider PRRM with a uniforrn (con-
stant) profile for the outputp~lse train. We assume a lü-GHz 
train of hyperbolic secant pulses incident on a lattice-forrn MZI 
which has a uniforrn FSR. From (7), there are an infinite number 
of choices of the FSR for PRRM. For simplicity, we set D = 1 
and choose FSR = (20,40,80 GHz) to generate corresponding 
output repetition rates of (20, 40, 80 GHz). In this case, we re-
quire N = (2,4,8). The corresponding values of llL are (10, 
5,2.5 mm) assuming ne = 1.5. The number of MZI stages used 
is (1, 3,7). As shown in Fig. 3(a), pulse trains with uniforrn am-
plitude are generated, where each individual output pulse main-
tains the same shape as the original input pulse. The optimized 
device parameters are given in Table II. We also find that the de-
signed optical filters can perforrn PRRM regardless of the input 
pulse shape and, indeed, simulations have shown that PRRM is 
properly achieved for input trains comprising square pulses. 
In order to compare the target value of the amplitude 
coefficients Cn " we also list in Table II the corresponding 
values of ho(n'TFsR ) within one period T, obtained from 
the simulated annealing algorithm. Note that the lattice-forrn 
MZI is not an all-pass filter, i.e., part of input pulses will be 
switched to second output port, which leads to an energy loss. 
However, this can be overcome by adding additional MZI 
stages [20]. In particular, we also achieve PRRM with 98% 
power conserved in the main output port by using two or 
more addition al MZI stages and reoptimizing t and <P for aIl 
stages. For example, as shown in Fig. 3(b), we can multiply 
the repetition rate of a 10-GHz input pulse train to 40 GHz 
with 98% of the energy conserved in the main output port by 
adding two additional MZI stages (as opposed to 50% without 
the additional stages). The corresponding filter design in this 
case is as follows: t = {0.7, 0.99, 0.68, 0.76, 0.99, 0.7} and 
<P = {O, 3/4, 5/4, 5/4, 1/4,7/4}*n. 
Next, we investigate the use of lattice-forrn MZIs to perforrn 
PRRM with an arbitrary output profile. Using the same optimiza-
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Fig. 3. (a) Generation of (20,40,80 GHz) uniform pulse trains from a JO-GHz 
hyperbolic secant pulse train; the FSRs of the MZls are (20, 40,80 GHz) and the 
number of MZI stages used are (l, 3, 7), respectively. (b) Generation of 40-GHz 
uniform pulse trains from a 10-GHz hyperbolic secant pulse train with 50% and 
98% energy conserved in the main output port. 
tion algorithm, weinvestigate two separatecases: oneis toperforrn 
PRRM with binary code profiles within a period T and the second 
is for PRRM with a triangular profile. Binary code and triangular 
profiles have potential applications in packet-switched networks 
or in instrumentation. More importantly, these examples illustrate 
that complex, arbitrary profiles can be obtained and in general, we 
can useourapproach todesign optical filters to generate the desired 
output profile required by a specific application. Fig. 4 shows ase-
riesoffour-digitbinarycodes(llül, 1 Oll, 100l,and 1000)thatare 
generated by a three-stage lattice-forrn MZI with optimized filter 
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TABLE II 
PARAMETERS OF LATTICE-FoRM MZIs OBTAINED BY SIMULATED ANNEALING ALGORITHM FOR GENERATION OF (20, 40, 80 GHz) UNIFORM PuLSE 
TRAINS FROM A 10-GHz INPUT PULSE TRAIN 
Through- Target value of 
1 ho(n'TFSR ) 1 
FSR M Number Phase shift ct> (n'=O:N-l) N 
of stages Amplitudet = ~ 1 ho(n'TFSR ) 1 (GHz) (mm) (1r) from optimized 
device parameters 
2 20 10 1 {0.71,0.71} {0,0.5} 0.5 {0504, 0.1961 
4 40 5 3 {0.7, 0.99, 0.71, 0.711 {O, 1.5, 1.5,01 0.353 {0.349, 0.353, 0.353, 0.3581 
{0.257, 0.253, 
8 80 2.5 7 {0.71, 0.69, 0.93, 0.94, JO, 0.5. 1, 0, 1, 0, 0.25 0.250, 0.254, 0.88,0.97, 0.99, 0.71} 1, 1.51 0.254, 0.255, 
0.256, 0.250} 
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1-11011 
020 1-1011 1 
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Fig. 4. Generation of 40-GHz pulse trains with binary code profiles (1101, 1011, 1001, 1010) from a IO-GHz hyperbolic secant pulse train by using the lattice-form 
MZIs. The FSR of the MZI is 40 GHz and the number of MZI stages is three. 
parameters (these binary codes repeat at the original input repeti-
tion rate). The optimized device parameters are given in Table III. 
It can be seen that the extinction ratio, defined as the ratio of the 
intensities of the smallest "1" peak and the largest "0" peak, in all 
of the generated bi nary codes is greater than 20 dB. Improved per-
formance can be achieved by using more stages in the MZI device. 
In Fig. 5, we also illustrate the frequency response of the filter 
that is used to generate the binary code profile "1101" as well 
as the input/output spectrum of the pulse train. The central fre-
quency of the spectrum is located at 1.9557 x 1014 Hz, which 
corresponds to a wavelength at 1534 nm. Note that we only draw 
the frequency response of a single input pulse for simplicity. 
Clearly, the device is spectrally periodic both in magnitude and 
phase; however, it is not immediately apparent why the envelope 
ofthe output pulse train (i.e., the profile "1101") can be obtained 
from this frequency response. On the other hand, from the tem-
poral-domain approach and (6), it is straightforward to see that 
the new repetition rate is decide by the FSR of the device and the 
term !ho(n'TFsR )! has a large impact on the envelope of output 
pulse train. Therefore, we only need to manipulate !ho( n'TFsR)! 
to generate any arbitrary profile for the output pulse train, which 
greatly simplifies the filter design. 
ln Fig. 6, we show that an output pulse train with a tri-
angular envelope is formed. Here, we investigate the case 
~. 
.,/"" 
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TABLE III 
PARAMETERS OF LATTICE-FoRM MZIs OBTAINED BY SIMULATEO ANNEALING ALGORITHM FOR GENERATION OF 40-GHz PuLSE TRAINS WITH BINARY 
CODE PROFILES (1101,1011,1001, lOlO) FROM A IO-GHz INPUT PuLSE TRAIN. 
Common Condition: N- 4/D - 1, FSR - 40GHz, M -5 mm, Number of Stages: 3 
Code 
1101 
1011 
1001 
1010 
Through-Amplitude Phase shift <1> 
t = .JI-IC (Jr) 
10.83, 0.98, 0.83, 0.56} 10,0, l, I} 
10.99, 0.60, 0.79, 0.84} (0, 5/8, 0, S/8) 
1099, 0.97, 0.59, 0.89l 10, 0.5, 1.5, I.S) 
10.82, 0.97, 0.6, O.99l 10, 1,31/16, 7/8l 
1.4 
, . . 
1,2 
1.0 
0.8 
0.6 
0.4 i j 
0.2 
195C$ 1 '9510 ~ :;51; 19~14 
ff~quem;;'i (lO't-HX1 
~/ 
: ~ 1 
" 
. 
'. 
, 
, , 
11 1 i i 1 i : : i 
Target value of 
1 ho(n'TFSR ) 1 
(n'-o.N-]) 
1 ho (nT FSR) 1 from optimized device 
parameters 
10.4, 0.4, 0, 0.4} 10.378, 0.376, 0.006, 0.376} 
(0.4, 0, 0.4, 0.4) (0.394, 0.036, 0.399, 0.394l 
10.5, 0, 0, 0.5} 10.504, 0.036, 0.021, 0.S08} 
10.5, 0, 0.5, Ol (0.473,0.047,0.471, o.on) 
t'liter spectrum 
input spectrum of pulse tram 
-Oulput spectrum of pulse tralO 
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Fig. 5. Frequency response of the lattice-form MZIs used for generation of 40-GHz pulse train with a binary code profile of 1101 from 100GHz input pulse train. 
0.14 
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'iii 
c: 
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" 
output pulse train from a ID-GHz input pulse train, The 
number of MZI stages is seven and the optimized parame-
ters are t = {0,52, 0.39, 0.78, 0.87, 0.87, 0.9, 0.94, 0.24} and 
<l> = {0,7/32,31/16, 1/32,3/32,1, 11/16, 1/4}*1r' In this 
case, the new repetition rate of 80 GHz is obtained, whereas the 
FSR of the device is only 80/3 GHz. Since the PRRM with a 
triangular profile is hard to achieve indeed because of the multi-
level amplitudes in the output profile, we can conclude that the 
filter designed using the direct temporal domain approach has 
a large potential to generate any arbitrary profile at the output. 
0.00 +-~'-'-,""""-'-y-'-'--'-,~-'-...... ~..I..-'-..-"-"--'--'-r'--...t......>...-'-"--'......, 
" B. Tolerance Analyses 
50 100 150 200 
Time (ps) 
Fig. 6. Generation of an 80-GHz pulse train with a triangular profile from a 
JO-GHz hyperbolic secant pulse train by using lattice-form MZIs. The FSR of 
the MZI is 80 GHz and the number of MZI stages is seven. 
of D i- 1 for PRRM. We set N = 8, D = 3 and then 
the FSR = 80/3 GHz is chosen to generate an 80-GHz 
We now consider practicallimitations su ch as waveguide/ma-
terialloss or imperfections in fabricating the lattice-form MZIs 
on the performance of PRRM and envelope shaping. First, we 
take into account waveguide loss. We assume the waveguide 
loss of silica material is 1 dB/cm and then perform the simula-
tion of 10-40 GHz PRRM with a uniform profile (note that loss 
of 1 dB/cm is a practical value of the silica channel waveguide 
~ 
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Fig. 7. Generation of 4ü-GHz pulse train from a lü-GHz hyperbolic secant 
pulse train with waveguide loss of 1 dB/cm. (a) Output pulse train with previous 
device parameters in Table L (b) Output pulse train with newly optimized lilter 
parameters. 
structure we can fabricate in our experiments). The parameters 
are exactly the same as those used in the simulations shown in 
Fig. 3, except now waveguide loss is considered in calculating 
the output. It is easy to understand that the profile of the output 
pulse train is no longer uniform due to the addition al loss; see 
Fig. 7(a). However, we can reoptimize the corresponding de-
vice parameters of t and <I> for each MZI stage using the sim-
ulated annealing algorithm, and it can be seen in Fig. 7(b) that 
PRRM with a uniform profile is once again obtained with the 
following new set of parameters: t = {0.78, 0.91, 0.87, 0.69} 
and<I> = {0,9/8,7/4,11/8}*~. 
Next, we investigate the impact offabrication errors in t and 
<I> in each MZI stage. For illustration purposes, we choose the 
device that generates PRRM with the binary code 1101 for 
our analysis. The corresponding design parameters are given 
in Table III. We assume that the fabrication error is uniformly 
distributed in a range of ±E% and obtain the extinction ratio 
based on these imperfect fiIter parameters. We repeat the sim-
ulations 1000 times and determine the average and worst case 
(smallest) extinction ratios for the device. Fig. 8(a) shows a 
contour plot of the average extinction ratio as the fabrication 
errors in t and <I> vary from 0% to ±5% and 0% to ±25%, 
respectively. It can be seen that the fabrication error in t has 
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Fig. 8. Contour plots of (a) the average extinction ratio and (b) worst-case 
extinction ratio of the generated binary code 1101 as a function of the fabrication 
errors in t and q,. 
a large impact on the extinction ratio whereas the fabrication 
error in <I> has a smaller effect. The fabrication tolerances of t 
and <I> with acceptable average extinction ratio (> 10 dB) are 
around 25% and 5%, respectiveIy. Fig. 8(b) shows the worse 
case extinction ratio as a function of fabrication errors in <I> and 
t; here, we find that the impact of t is considerable. In the worst 
case, a fabrication error of ±3 % in t can degrade the extinction 
ratio to below 5 dB. Finally, Fig. 9 shows a contour plot of the 
average peak-to-peak pulse intensity variations as a function of 
fabrication errors. Again, the peak-to-peak variations increase 
rapidly as the fabrication errors in t increase. 
IV CONCLUSION 
We have presented a direct temporal domain approach for 
PRRM with envelope shaping by using spectrally periodic op-
tical filters. We show that the repetition rate of a pulse train can 
be multiplied by N using a spectrally periodic filter without any 
pulse intensity shape distortion. The theory can be applied to 
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Fig. 9. Contour plots of the peak-to-peak pulse intensity variations of the 
generated binary code 1101 as a function of fabrication errors in t and OP. 
any spectrally periodic filters, such as amplitude-only filters, 
phase-only filters, and combined amplitude-and-phase filters. 
Furthermore, we show that in addition to multiplying the repeti-
tion rate of the input pulse train, the amplitude of each individual 
pulse at the output can be tailored to form any arbitrary pro-
file simultaneously. Note that other PRRM techniques, such as 
the temporal fraction al Talbot effect, do not have the f1exibility 
to tailor the output envelope. A simple condition for obtaining 
PRRM with a special profile is given in (9), which shows that 
rather than synthesizing the entire impulse response of the filter 
ho(t), we on)y need to synthesize ho(t) at N discrete points 
within the period T. This tremendously simplifies the optimiza-
tion process. In our simulation, we choose lattice-form MZIs to 
perform PRRM, which is govemed by our direct time-domain 
approach. By implementing a general optimization algorithm 
(e.g., simulated annealing algorithm), the filters show good re-
sults of performing PRRM with uniform profiles, with four-digit 
binary code profiles, and with triangular profiles. 
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Arbitrary optical waveform generation using 
2D ring resonator arrays 
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Abstract: The direct temporal domain approach can be applied for 
arbitrary optical waveform generation using 2D ring resonator arrays 
(RRAs). To demonstrate the approach, we provide numerical examples 
which show the generation of two very different waveforms from the same 
input pulse. In particular, we consider a hyperbolic secant input pulse with 
8 ps full width half maximum and generate (1) a 50 ps square-like 
waveform with 5 ps rising and falling times and a 40 ps flat-top as well as 
(2) a 60 ps triangular waveform with 30 ps rising and falling times, both 
with a 5x5 RRA. Simulations show that the generated waveforms are well-
matched to their targets. 
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1. Introduction 
Techniques for the generation, control, and manipulation of optical pulses attract considerable 
interest for numerous applications and have become increasingly important in many scientific 
areas [1]. Of specifie interest are techniques for pulse repetition rate multiplication (PRRM), 
which are used to generate ultra-fast optical pulse trains from a low repetition rate input pulse 
train [2, 3], as weIl as for the generation of arbitrary waveforms [4]. Arbitrary or user-defmed 
waveforms at high repetition rates can be used to generate wide-band RF signaIs [5], as 
switching windows or gating signaIs in all-optical pulse reshaping and retiming systems in 
optical communications [6], and as probing signaIs for various studies on spectroscopy and 
the properties ofmaterials or molecules [7]. 
Traditional pulse shaping methods are based on frequency domain processing (i.e. 
spectral filtering) in which we specifically manipulate the different spectral components of the 
input pulse in amplitude and/or phase. However, the relationship between the input pulse 
spectrum and the target temporal waveform is not straightforward, especially for phase-only 
filtering processes. For example, if we need to generate an arbitrary waveform from a given 
input pulse, say Gaussian, it is difficult to determine the phase response and the corresponding 
filter that generates the waveform. Efficient Fourier synthesis algorithms are necessary to 
synthesize the required spectral response as weIl as the filter technologies for their 
implementation. Several optimization and synthesis algorithms have been used to generate 
arbitrary waveforms, inc1uding genetic, Gerchberg-Saxton [8], and simulated annealing [9, 
10] algorithms. In terms of hardware, one of the most popular implementations is based on a 
bulk optical 4f pulse shaper, which separates spatially the frequency components of an input 
pulse and uses amplitude and/or phase masks to process the signal [1]. 
In this paper, we propose an altemate method to synthesize arbitrary waveforms using the 
direct temporal domain approach. In this approach, traditional frequency domain processing is 
not used and the waveform is synthesized purely in the temporal domain. While simple and 
compact optical filters structures are used, the waveform is synthesized by optimizing the 
filter parameters to obtain a specific temporal impulse response, without concem for the 
corresponding frequency response. The direct temporal domain approach was initially 
proposed to generate an ultra-high repetition rate pulse train from a low repetition rate pulse 
train using spectrally-periodic (SP) filters, details on the theory can be found in [10]. In this 
paper, we show that this approach can also be applied for general pulse shaping purposes, for 
example to generate a square waveform from a hyperbolic secant pulse train or a Gaussian 
pulse train. This approach is very different from the traditional spectral filtering approach 
which uses spectral filters to shape the input pulse spectrum into a sinc function (with 
amplitude and phase information preserved) in order to achieve a square waveform in the 
temporal domain. For implementation, we choose 2D ring resonator arrays (RRAs) as the 
optical filter to perform the temporal waveform generation since ring resonators are a c1ass of 
SP filters. 
2. Theory and configuration 
High repetition rate pulse trains with uniform or even arbitrary envelopes can be generated 
using an SP filter and the direct temporal domain approach, as long as the input pulse width is 
sufficiently narrow [10]. When the free spectral range (FSR) of the SP fiIter satisfies certain 
conditions with respect to the new (output) repetition rate, pulse repetition rate multiplication 
(PRRM) is achieved; moreover, the output multiplied pulses (within the original period) can 
have very different amplitudes and phases due to the simultaneous amplitude and/or phase 
filtering process. Moreover, these amplitudes and phases can be set independently of the input 
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pulse shape, see Eqs. 4-7 in [10). We have found that this characteristic can be used to 
generate and synthesize arbitrary waveforms at the rate of the original input pulse train. The 
basic principle of the direct temporal domain approach for arbitrary waveform generation is 
illustrated in Fig. 1. First, we choose an SP filter to perform PRRM with a uniform output 
enve1ope. When an input pulse train with a broader pulse width is launched into the same SP 
filter, PRRM takes place, but there will be an interference among the output pulses. Next, we 
can manipulate and optimize the amplitude and phase of each individual output pulse (in the 
multiplied train) to generate the specified waveform (at the input repetition rate). The key in 
this approach is that we must find an SP filter which can simultaneously perform PRRM and 
manipulate the amplitude and phase of each individual output pulse with a range of freedom. 
The amplitude and phase of each individual output pulse is controlled by specifying the value 
of the temporal impulse response of the filter. This approach is very different from general 
spectral filtering approach which normally uses spectral filters to shape the input pulse 
spectrum into a special shape (with amplitude and phase information preserved) in order to 
obtain the desired waveform in the temporal domain. 
PRRM with a narrow 
input pulse train 
"'1 F~~er 1 ... 1H1HH ..... ~Hl 
(a) 
PRRM with a wide 
input pulse train 
~ -~~ 
...  ... NtNiNJ·····NM 
(b) 
Waveform generation with 
A A A an optimized SP filter ....... ~
.L---'-----''--.i-_--L..---'-... ~ ... 
(c) 
Fig. 1. Schematic of arbitrary waveform generation using the direct 
temporal domain approach; (a) PRRM output with a uniform envelope 
from an input pulse train with narrow pulse widths; (b) PRRM output from 
an input pulse train with wide pulse widths; (c) waveform generation with 
an optimized SP filter and an input pulse train with wide pulse widths. 
Multi-stage ring resonators are a powerful c1ass of optical filters which have been widely 
investigated for WDM addldrop filters, dispersion compensation, and many other applications 
that are focused on their spectral characteristics [11, 12). However, their temporal domain 
characteristics are equally interesting. Since ring resonators are SP filters, they can be used as 
key components to perform arbitrary waveform generation by implementing the direct 
temporal domain approach. 
Figure 2(a) shows a typical configuration of an MxN 2D RRA, where M represents the 
number of rings in the vertical direction and N represents the number in the horizontal 
direction. Figure 2(b) shows the details of the individual ring elements which incorporate a 
directional coupler with splitting ratio K and a phase shifter with an additional phase shift If' . 
Note that the rings are assumed to be identical in size and are coupled in the vertical direction 
only. While there is no coupling between the rings in the horizontal direction, the signais 
propagate in the horizontal direction through the two waveguide buses that are placed at the 
top and the bottom of the RRA. Since the waveguide bus introduces time delays above and 
beyond those of the rings, the length of the bus must satisfy specific conditions in order to 
generate a pair of pulse trains at the two output ports simultaneously. In particular, if L 
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denotes the distance between the centers of two adjacent rings, then L must be a positive 
multiple of 7rR where R is the radius of the ring. Larger values of L will lead to more loss and 
an overall increase in the size of the structure; hence, we choose L = 7rR. The free spectral 
range (FSR) of the device is given by FSR = c /(ne27r' R), where R is the radius of the ring 
and ne is the effective index of the waveguide. 
--+ Input 2 (M=even) --+ Output 2 (M=even) 
(a) 
Fig. 2. (a) General configuration of an MxN RRA and (b) detailed 
view of the individual rings, r is the radius of the ring resonator, 1C is 
the coupling coefficient and <li is an additional phase shift. 
(b) 
The RRA transfer function can be calculated by dividing the MxN array into N 
horizontally-cascaded Mx 1 arrays, in which each Mx 1 array can be calculated separately 
using transfer matrices and Z-transforms as described in [11, 12]. For the nth colurnn, the 
transfer matrix in the vertical direction can be expressed by 
where h ho O} and O2 represent the inputs and outputs in the two waveguide buses as shown 
in Fig. 2(a); t pis the through-amplitude coefficient which is defined as t p = ~1- K'p ; r is the 
waveguide loss and fi is the propagation constant in the device. This matrix can then be 
converted to another transfer matrix which functions in the horizontal direction using the 
following transformation: 
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where Bi) are the elements in the vertical transfer matrix. The two waveguide buses can also be 
[
e-
jPLy 
0 j 
expressed with a transfer matrix in the horizontal direction: <1> bus = . d is the 
o e-j/iLd y 
signal propagation direction and is equal to -/+ 1 when the signal counter-/co-propagates with 
the input, i.e. when M is oddleven. The overall RRA transfer function is then given by the 
system matrix 8=<I>N . <1> bus . <l>N_1 ···<I>blls ·<1>1' By properly designing the parameters tp and 
qJ p , the RRA can perform PRRM and simultaneously manipulate amplitudes and phases for 
the newly generated output pulses, thereby generating a special waveform at output. It is 
important to stress that the parameters of the RRA are optimized to generate a specifie 
temporal impulse response of the filter in order to control the amplitude and phase of the 
output pulses. 
In order to find a proper set of values of t p and qJ p to generate a specified waveform, a 
powerful optimization algorithm is highly desirable. We use a similar optimization pro cess as 
described in [10], but with sorne modifications. The major difference is that ail sampling 
points within a period at the output (i.e. the input period) are compared with the target 
waveform and a weighted root mean square error function is used to evaluate the optimized 
results. Furthermore, in our optimization process, we use quantized rather than arbitrary 
values for t p and qJ p , since values with a high precision may be difficult to realize in practice. 
3. Simulation results 
As an example, we consider a 5x5 RRA for arbitrary waveform generation. A 10 GHz train of 
hyperbolic secant input pulses is launched at input 1; we assume no input signal at input 2. 
The full width half maximum (FWHM) of each hyperbolic secant pulse is 8 ps as shown in 
Fig. 3(a). The objective is to transform this hyperbolic secant pulse into a square waveform 
with 5 ps rise and fall times, and a 40 ps flat-top. Square or rectangular shaped pulses are 
useful for enhancing the operation of nonlinear optical switches for reshaping ultrashort 
optical pulses [6]. 
In our simulation, we set the FSR of the filter to 160 GHz (corresponding ring radius is 
0.199 mm for an effective index ne = 1.5) and assume that the totalloss in the whole device is 
30%. We use the simulated annealing algorithm and a weighted root mean square error 
function to optimize the filter parameters, namely the through-amplitude t p and the additional 
phase shi ft qJp for each ring element. We quantize tp and qJp in steps of 0.01 and nl16, 
respectively. The weighted root mean square error function is defined as 
error = (~Wnlloutput - It arg et 12 ) where 1 is the intensity, N is the total sampling number in 
one repetition period, and W n is the weight for each sampling point. 
The results are shown in Fig. 3(b) and (c); the corresponding filter parameters are given 
in Table l. Figure 3(b) shows the generated square-Iike waveform. The rising and falling 
edges are weil matched to the target pulse and there are small oscillations in the flat-top 
portion. Figure 3(c) is a re-plot of (b) but in dB scale. It can be seen that the pulse extinction 
ratio (ER), defined as the ratio of the smallest intensity in flat-top and the largest intensity in 
background, is around 25 dB. The peak-to-peak variation in the flat-top is 0.9 dB. 
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Fig. 3. (a) Input and target waveform in one repetition period; (b) The 
generated square-Iike waveform; (c) The generated waveform in dB scale. 
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Fig. 4. Spectrum of the 10 GHz pulse train at the RRA input and of the square-
like waveform at the output. Amplitude (a) and (c); phase (b) and (d). 
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Figure 4 shows the spectra (amplitudes and phases) of the 10 GHz hyperbolic secant pulse 
train at the input and the square-like waveform at the output. lt can be seen that while the 
amplitude response of the output waveform exhibits the same 10 GHz spectral spacing as the 
input, the magnitudes for each individual mode have been altered which shows the amplitude-
filtering nature of the RRA. In addition, the input and output phases are completely difference 
which shows the phase-filtering nature of the RRA. Since our approach only process the 
waveform in the temporal domain, the spectral shape of the output (and consequently of the 
filter) is not important in our approach and optimization algorithm; both magnitude and phase 
can be manipulated by RRA with a large seale of freedom (note in particular that the output 
spectrum do es not exhibit any sinc-Iike features). This demonstrates the flexibility of the 
temporal domain approach over amplitude and phase filtering approaehes which needs to alter 
the speetrum to a sine shape (with appropriate phase jumps), or the phase-only filtering whieh 
is eonstrained to maintaining a constant magnitude or a uniform loss for ail wavelengths. 
~0.8 
al 
~O. 
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- -TargetWavefcrm 
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Fig. 5. (a) The input hyperbolic secant pulse train at 10 GHz and the target waveform; 
(b) the target waveform and the generated triangular waveform form. the RRA. 
Table 1. Parameters of the RRA configuration for generation of a square waveform and a triangular 
waveform from a 10 GHz hyperbolic secant pulse train. 
FSR 
Through-Amplitude Ir Waveform Type (GHz) tp = ~1-Kp Phase Shift % (x-) 16 
{0.94, 0.82, 0.96, 0.97, 0.02, 0.99} {18,0, 7,5, 19} 
{OA2, 0.55, 0.75, 0.5, 0.93, 0.94} {29, 16,22, 19, 28} 
Square 5x5 160 {OA4, 0.21,0.88,0.76,0.34, OA6} {8, 2, 15, 12, 8} 
{OA, 0048, 0.17, 0.97, 0.37, 0.57} {IO, 7, 25, 27, 8} 
{0.16, 0.17, 0.69, 0.34, 0.91, 0.96} {l, 17, 14, 13, 6} 
{0.51, 0.06, 0.84, 0.83,0.76, 0.99} {l, 12, 18,0, 19} 
{OA2, 0044, 0.10, 0.72, 0.88, 0.81} {24, 26, 29, 18, 14} 
Triangle 5x5 160 {0.87, 0.94, 0.64, 0.37, 0.32, O.l7} {7, 4, 24,10,25} 
{ 0.59, 0.86, 0.90, 0.06, 0.84, OA7} {30, 31, 9, 4, I} 
{ 0.82, 0.32, 0.98, 0.29, 0.23, 0.99} {16, 19,6, 14,12} 
Notes: 
There are 6 couplers but 5 phase shifters in each column. 
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As a second example to demonstrate the capabilities of the approach, we use the RRA to 
generate a triangular waveform which has 30 ps rising and falling times from the same input 
hyperbolic secant pulse train. The FSR of the RRA is still 160 GHz. The optimized RRA 
parameters t p and ({J pare also given in Table 1. Figure 5 shows the generated triangular 
waveform, which is well matched to the target. We obtain similar results when generating 
triangular waveforms of different widths, which demonstrate that this approach is extreme\y 
powerful for generating arbitrary waveforms 
We have also investigated the impact of the input pulse width (FWHM) on the quality of 
the generated waveform. If the FWHM varies in a range of ± 0.8 ps from its ideal value (8 ps), 
a good square-like waveform can be maintained with the same set of filter parameters. 
Otherwise, we need to re-optimize the ring resonator parameters. In particular, when the 
FWHM of the input pulse is between 6 ps to 9 ps, a good square-like waveform can be 
synthesized using the optimization algorithm. However, if the FWHM < 6 ps, we cannot limit 
the peak-to-peak variations to < 1 dB in the flat-top, even after re-optimization. Moreover, if 
the FWHM > 9 ps, the rising and falling times (5 ps) cannot be achieved. We also investigated 
the use of Gaussian input pulses to generate the square-like waveform. The result is similar to 
that obtained using hyperbolic secant pulses, which demonstrate that 2D RRAs have a big 
potential to synthesize square-like waveforms and even arbitrarily defined waveforms using 
the direct temporal domain approach. 
Averag~ Extinction Ratio (dB) 
(a) 
,<> 
o'· 
Peak-to-Peak Variation in Flat.. ToP(dB) 
2.5 
(b) 
Fig. 6. Contour plots for fabrication errors in the RRA for the square waveform 
generation; (a) the average extinction ratio; (b) peak-to-peak intensity variation in the 
flat-top portion. 
Next, we investigate the impact of fabrication errors in t p and ({J p of each ring e\ement. 
For illustrative purposes, we consider the same 5x5 RRA that generates the square-like 
waveform. We assume that the fabrication errors are uniformly distributed in a range of 0 to 
2.5% for t p and 0 to 1 % for ({J p of all rings in the RRA and obtain both ER and the peak-to-
peak intensity variations in the flat-top portion based on these imperfect parameters. We 
repeat the simulations 10,000 times and determine the average ER for the device. Figure 6(a) 
shows a contour plot for the average extinction ratio as the fabrication errors in t p and 
({Jp vary from 0 to 2.5% and 0 to 1%, respectively; Fig. 6(b) shows the contour plot for the 
peak-to-peak variations in the flat-top portion. It can he seen that in order to maintain both an 
ER greater than 15 dB and peak-to-peak variations less than 2.5 dB, the fabrication error of t p 
and IP p should be within 2% and 0.8%, respectively. We note that programmable ring-
resonator-based integrated photonic circuit with an accurate vertical coupling structure for t p 
and independent controls for phase shift ({Jp have been demonstrated [15], which indicate the 
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practicality and feasibility of our temporal domain approach for arbitrary waveform 
generation. 
4. Summary 
We have demonstrated the use of 2D RRAs to synthesize square and triangular waveforms 
with the direct temporal domain approach. A square-like waveform with a 5 ps rising time, a 
40 ps flat-top period, and a 5 ps falling time is generated by this filter from a hyperbolic 
secant input pulse with a FWHM of 8 ps. A high extinction ratio (25 dB) is observed in the 
generated square-like waveform and the peak-to-peak variation in the flat-top portion is 0.9 
dB. In addition, we have shown the generation of a triangular waveform with a 30 ps rising 
time and a 30 ps falling time. These results show that the direct temporal domain approach 
can be applied to perform optical signal processing and pulse shaping and arbitrary 
waveforms using 2D RRAs. 
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Ultrafast pulse train generation with 
binary code patterns using planar 
lightwave circuits 
B. Xia, L.R. Chen, P. Dumais and C.L. CalJender 
Ail-opticai generation of 40 GHz pulse trains with arbitrary binary 
code patterns from a 10 GHz uniform input pulse train using lattice-
form Mach-Zehnder interferometers is expcrimentally demonstrated. 
The device is fabricated on a silica-based planar lightwave circuit, 
which is based on a buried channel waveguide structure with an index 
difference of 1.2%. 
Introduction: Ultrafast pulse trains with binary code patterns have 
attracted interest for applications as optical packet-headers or labels in 
packet-switched networks, in optical code-division multiple access 
systems, and for photonically-assisted generation of microwave and 
millimetre waveforms i. i. 2 j. Ultrafast pulse repetition rate multi-
plication (PRRM) with arbitrary envelope shaping can be generated 
from a low repetition rate pulse train using spectrally-periodic filters 
designed with the direct temporal domain approach "j. In particular, 
by properly designing the impulse response of the filter, PRRM with 
arbitrary binary code patterns can be achieved simultaneously. 
Lattice-form Mach-Zehnder interferometers (LF-MZIs) fabricated 
on silica-based planar lightwave circuits (PLCs) have been used for 
filtering and dispersion compensation applications ;::. In this Letter, 
we report the use of LF-MZIs designed using the temporal domain 
approach to perform 10-40 GHz PRRM and arbitrary binary code 
generation from a 10 GHz uniform input pulse train simultaneously. 
Deviee design: Fig: la shows the general LF-MZI for performing 
PRRM with various binary code patterns. It consists offour MZI stages 
and each stage has a pair of asymmetrical arms. The free spectral range 
(FSR) of the filter (here 40 GHz) is determined by the path length 
difference !!.L: FSR = c /n/",L, where ne is the effective index of the 
waveguide medium. We have used a large bending radius (R = 8 mm) 
to minimise bending losses in the design. There are five couplers 
(KO-K4) and four phase shifters (qJ\-q>4). A single 3 dB MMI coupler 
design is used for ail five couplers in the device, which greatly reduces 
the complexity of the design and increases stability and tolerance to 
fabrication errors. The phase shifts provided by the shifters are 
optimised for the desired output code patterns i' L In particular, we 
designed two PLCs with phase shifts li' = {1.47, 1.47,0.03,0.03} x 11: 
for binary code '1011' and li' = {0.74, 0.26, 0.26, 1.28} x 11: for binary 
code '110 l'as illustrations. These PLC designs are more tolerant and 
robust compared to those based on directional couplers with arbitrary 
splitting ratios and in fact our analyses show that they can tolerate 
fabrication errors of 5 and 20% in K and q>, respectively. 
a 
cladding (BPSG) 
n= 1.4456 
(Si02) 
n= 1.4456 
b 
Fig. 1 Configuration of LF-MZI; K; and f{J; are the coup/ing coefficients 
ofMMI coupler and phase shifts in each stage; and cross-section ofburied 
channel waveguides 
a Configuration of LF-MZI 
b Cross-section of buried channel waveguides 
The device is fabricated by plasma-enhanced chemical vapour deposi-
tion (PECVD) and reactive ion etching (RIE). The waveguide cross-
section is shown in Fig. 1 b. The substrate is a silicon wafer, on which a 
15 llm thermal oxide buffer layer is formed in an oxidising furnace over 
17 days at 1100' C. The waveguide core is made of Ge-doped Si02 with 
dimensions of 3.5 x 3.5 llm, which is produced by PECVD using silane 
(SiH4), nitrous oxide (N20) and germane (GeH.) as precursors. The top 
cladding is 12 llm borophosphosilicate glass (BPSG) with dopants 
introduced by using diborane (B2H6) and phosphine (PH3), respectively. 
The refractive index of the top BPSG cladding is adjusted through the 
dopant levels to match that of the thennal oxide lower cladding. The 
refractive indices of the core and cladding at 1550 nm are 1.4632 and 
1.4456, respectively, and the index difference is 1.2%. 
Results: The input source is a modelocked laser (Pritel, UOC-3E) 
generating a pulse train at a repetition rate of 9.733 GHz and central 
wavelength of 1550 nm. Each individual pulse has a full width half 
maximum (FWHM) of ::: 3 ps, which is narrow enough to satisfY the 
conditions required by the direct temporal domain approach. 
We first characterise the PLC for binary code '10 II '. The input and 
output pulse trains are measured simultaneously using a communication 
signal analyser and optical sampling modules with 20 and 30 GHz 
bandwidths, respectively, as shown in Figs. 2a and b. It can be seen that 
the output repetition rate is ::: 39 GHz, which is four times that of the 
original repetition rate. The four pulses within the original repetition 
period exhibit the desired binary code pattern '10 II' , although there are 
some intensity variations among the 'l' bits which arise from imperfec-
tions in the device fabrication. Fig. 2d shows the simulated output pulse 
train for '10 II' using parameters based on the experimental conditions: 
the waveguide loss in the PLC is 0.8 dB/cm; the input repetition rate is 
9.733 GHz; the input pulses are assumed to have a Gaussian profile with 
a 3 ps FWHM; and the output signal is convolved with the 16 ps impulse 
response time of the detection system. The simulated output pulse train 
is in very good agreement with the measurements (note that the back-
ground in the measured output is due to unfiltered amplified sponta-
neous emission from the amplifiers used in the experiments). As a 
second example, Fig. 2c shows the output of the PLC designed to 
generate the binary code '110 l'. We expect that the intensity variations 
can be compensated for in part using programmable devices, e.g. 
!unable phase shifters realised using thermal effects. 
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Fig. 2 Measured input pulse train from modelocked laser; output binary 
code pattern '1011 '; output binary code pattern '1 JO J '; and simulated 
output signal for '1011' 
a Measured input pulse train from modelocked laser 
b Output binary code pattern '10 Il ' 
c Output binary code pattern 'II 01' 
d Simulated output signal for '10 Il' 
The measured input and output spectra for binary code '10 II' are 
shown in Figs. 30 and b. hg. 3u confirrns that the spacing between two 
adjacent modes at the input is around 10 GHz. At the output, these 
modes are manipulated in amplitude and phase and exhibit a similar 
pattern every four modes, which is due to the fact that the LF-MZl is a 
spectrally-periodic fil ter with a 40 GHz FSR (note that the LF-MZI 
ELECTRON/CS LETTERS 74th September 2006 VO/.42 No. 79 
performs both amplitude and phase filtering so that the output train does 
not exhibit peaks spaced at 40 GHz only, as a true 40 GHz train would). 
The simulated results are shown in Figs. 3e: and d; again, we see very 
good agreement with the measured results. 
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Fig. 3 Measured input speetrum from modelocked laser and output spe-
ctrum from PLC; simulated Gaussian input train spectrum and output s-
peetrum 
a Measured input spectrum from modelocked laser 
b Output spectrum from PLC 
c Simulated Gaussian input from spectrum 
d Output spectrurn 
Conclusions: We have experimentally demonstrated the use of silica-
based PLCs to perform PRRM and binary code pattern generation 
simultaneously. Four-stage LF-MZIs incorporating 3 dB MMI couplers 
and phase shifters are designed to perform 10-40 GHz PRRM with 
binary code patterns; analyses show that the device design can tolerate 5 
and 20% fabrication errors in 1( and <p, respectively. The experirnental 
results show that the binary code patterns are weil generated and the 
simulated results are in very good agreement with the measurements in 
both time and spectral domains. The approach can be used to generate 
even higher repetition rates and more complex patterns. 
Acknowledgement: We thank C. Ledderhof (Communications 
Research Center) for conducting the fabrication process. This 
research was supported in part by the Natural Sciences and Engineer-
ing Research Council of Canada and industrial partners through the 
Agile AII-Photonic Networks (AAPN) Research Program. 
© The Institution of Engineering and Technology 2006 
21 July 2006 
Electronics Letters online no: 20062290 
doi: 10.\ 049/el:20062290 
B. Xia and L.R. Chen (Photonic Systems Group, Department of 
Electrical and Computer Engineering, McGil/ University, Montreal, 
QC, Canada H3A 2A 7) 
E-mail: chen@photonics.ece.mcgill.ca 
P. Durnais and C.L. Callender (Communications Research Centre, 
Ottawa, ON, Canada K2H 8S2) 
References 
Vlachos, K., Pleros, N., Bin1ias, c., Theophilopoulos, G., and 
Avramopoulos, H.: 'Ultrafast time-domain technology and its 
application in all-optical signal processing', J Lightwave Teehnol., 
2003,21, (9), pp. 1857-1868 
2 McKinney, J.D., Seo, D., Leaird, D.E., and Weiner, A.M.: 'Photonically 
assisted generation of arbitrary millimeter-wave and microwave 
electromagnetic waveforms via direct space-to-time optical pulse 
shaping', J Lightwave Technol., 2003, 21, (12), pp. 3020-3028 
3 Xia, 8., and Chen, L.R.: 'A direct temporal domain approach for pulse-
repetition rate multiplication with arbitrary envelope shaping', J Sel. Top. 
Quantum Electron., 2005, ll, (1), pp. 165-172 
4 Takiguchi, K., Jinguji, K., Okamoto, K., and Ohmori, Y: 'Variable 
group-delay dispersion equalizer using lattice-form programmable 
optical tiller on planar lightwave circuit', J Sel. Top. Quantum 
Electron., 1996,2, (2), pp. 270-276 
ELECTRON/CS LETTERS 74th September 2006 VO/.42 No. 79 
IEEE PHarONICS TECHNOLOGY LETTERS, VOL. 18, NO. 19, OCTOBER 1,2006 1999 
Ring Resonator Arrays for Pulse Repetition Rate 
Multiplication and Shaping 
Bing Xia and Lawrence R. Chen, Senior Member, IEEE 
Abstract-Using numerical simulations, we demonstrate the use 
of ring resonator arrays (RRAs) for pulse repetition rate multipli-
cation (PRRM) and arbitrary envelope shaping to generate a pair 
of output pulse trains with arbitrary binary code profiles simulta-
neously from a single input pulse train. We investigate three con-
figurations of RRAs: M X N, 1 X N, and M X 1. Ali can perform 
PRRM and generate two pulse trains with the required binary code 
profiles simultaneously; however, the two-dimensional (M X N) 
configuration suffers less waveguide loss. We also show that a non-
Iinear opticalloop mirror can be used to rem ove the pulse-to-pulse 
phase variations in the output pulse trains. 
Index Tenns-Optical pulse shaping, opticaJ signal processing 
pulse generation, ring resonators. ' 
1. INTRODUCfION 
T ECHNIQUES for generating and processing ultrahigh repetition rate pulse trains attract considerable interest 
for numerous applications including ultrahigh-speed optical 
time-division-multiplexed transmission, photonic signal pro-
cessing, and optical sampling [1], [2]. Since conventional 
modulation methods are not fast enough to operate at ultrahigh 
speeds, all-optical approaches are highly desirable. Indeed, the 
generation of ultrahigh repetition rate pulse bursts or trains 
from a single input pulse or low repetition rate input pulse 
train has been demonstrated using various optical filtering 
strategies. These include, among others, chirped fiber Bragg 
gratings to implement the temporal fractional Talbot effect [3] 
(essentially a phase-only filtering process), array waveguide 
gratings to perforrn spectral amplitude filtering [4], and com-
posite Fabry-Pérot cavities [5]. In this letter, we investigate 
ring resonator arrays (RRAs) for all-optical pulse repetition 
rate multiplication (PRRM). We compare three RRA configu-
rations for generating a pair of output pulse trains with binary 
code profiles "1101" and "1010" simultaneously from a single 
uniform input pulse train. The PRRM as weIl as the binary code 
generation can be useful for generating optical packet-headers 
or labels in packet-switched networks, in optical code-divi-
sion multiple-access systems, and for photonicaIly assisted 
generation of microwave and millimeter waveforms (note that 
the binary code "1111" corresponds to simple PRRM, i.e., a 
uniform output envelope). 
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Fig. 1. Configuration of 2-D RRAs: (a) Mx N; (b) 1 x N; (c) M xl. 
II. BACKGROUND AND PRiNCIPLE 
RRAs are a powerful class of optical filters which have 
been widely investigated for wavelength-division-multiplexing 
add-drop filtering, dispersion compensation, and many other 
applications that focus on their spectral characteristics [6]-[8]. 
Their time-domain characteristics are equaIly interesting and in 
particular, since ring resonators are spectraIly periodic filters, 
they can be used as key components to perform PRRM by 
implementing the direct temporal-domain approach [9]. The 
principle is based on the double convolution of the input signal 
and the filter impulse response and requires a spectraIly periodic 
filter. When the filter free spectral range (FSR) satisfies certain 
conditions with respect to the new repetition rate, PRRM can 
be achieved, in which the newly generated output pulses may 
have different amplitudes. These amplitudes, which define the 
output envelope, are set by the impulse response of the filter 
ho(t) evaluated at the discrete instants t = nTFsR, where n 
is an integer and TFs R is the inverse of the filter FSR. The 
required impulse response is obtained by optimizing the filter 
parameters; when the amplitudes are set to 1 or 0, a pulse train 
with a binary code profile can be generated. 
Fig. 1 shows the three RRA configurations that we investi-
gate: (a) is a general two-dimensional (2-D) array comprising 
M rings in the vertical direction and N rings in the horizontal 
direction; (b) and (c) are linear (one-dimensional) arrays with 
rings in the horizontal and vertical directions, respectively. Note 
that the rings are assumed to be identical in size and are coupled 
in the vertical direction only. While there is no coupling between 
the rings in the horizontal direction, the signaIs propagate in the 
horizontal direction through the two waveguide buses that are 
placed at the top and the bottom of the RRA. Since the wave-
guide bus introduces time delays above and beyond those of the 
rings, the length of the bus must satisfy specifie conditions in 
order to generate a pair of pulse trains at the two output ports 
simultaneously. In particular, if L denotes the distance between 
1041-1135/$20.00 © 2006 IEEE 
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the centers of two adjacent rings, then L must be a positive mul-
tiple of 7r R where R is the radius of the ring. Larger values of L 
will lead to more loss and an overall increase in the size of the 
structure; hence, we choose L = 7r R. 
The RRA transfer function can be ca1culated by dividing the 
M x N array into N horizontally cascaded M x 1 arrays, in 
which each M x 1 array can be calculated separately. For the 
nth column, we first obtain the vertical transfer matrix <I> N'V 
using the scattering matrices and z-transforms as described in 
[10]. We then convert <I> N'V into another transfer matrix <I> N 
which transfers the signaIs to the horizontal direction as follows: 
<I> ' - (1/8 ) [822 -((J11(J22 - (J12(J21)] where (J. are the 
N - 12 1 -(J11 ' tJ 
elements of <I> N'V. The two waveguide buses can also be ex-
pressed with a transfer matrix <I>bus = [e-j~L'Y e-jgL'd'Y] , 
where f3 is the propagation constant and 'Y is the waveguide loss 
coefficient. d is the signal propagation direction and is equal to 
- / + 1 when the signal counter/copropagates with the input, i.e., 
when M is odd-even. The overall RRA transfer function is then 
given bythe systemmatrix e = <I>W<I>bus·<I>N-1 .. ·<I>bus·<I>1' By 
imp1ementing the direct temporal-domain approach to perform 
PRRM, high repetition rate pulse trains with shaped envelopes 
can be generated by properly designing the parameters r;" which 
is the coupling ratio between the rings in the vertical direction in 
. the RRA, and cp, which is the additional phase shift induced by 
one ring. The novelty of these designs is that they can generate 
a pair of ultrahigh repetition rate pulse trains simultaneously, 
each of which can have an arbitrary envelope shape. Further-
more, waveguide or additionallosses can be accounted for and 
compensated when optimizing the parameters [9]. 
III. SIMULATION RESULTS 
As a demonstration, we design the RRAs to generate a pair of 
40-GHz pulse trains with binary code profiles "1101" at Output 
1 and "1010" at Output 2 from a single uniform lO-GHz input 
pulse train. The following conditions are considered: the input 
train comprises I-ps sech2 pulses (full-width at half-maximum); 
the FSR of ail rings is equal to 40 GHz (note that using the direct 
temporal-domain approach, it is not necessary for the FSR ofthe 
rings to equal the desired output repetition rate); and the wave-
guide loss is assumed to be 1 dB/cm. We also use a total of ni ne 
rings (increasing the number of rings will improve the quality 
of the output signaIs albeit at the expense of increased device 
size and fabrication complexity). We optimize the through-am-
plitude coefficient t = ~ and phase shifts cp. We adapt 
the simulated annealing algorithm to optimize the device pa-
rameters for synthesizing the two target profiles. In particular, 
we define a separate error function based on the individual error 
functions associated with each output pulse train as defined in 
[9]. This new error function is used to assess the optimization 
process and decide the contents of the next iteration step. Note 
that t and cp are optimized with a set of quantized values with 
step sizes of 0.01 and 7r /16, respectively. 
The simulation results are shown in Fig. 2 and the optimum 
device parameters are summarized in Table 1. Pairs of 40-GHz 
pulse trains with binary codes" 110 1" and" 10 10" are produced 
at Outputs 1 and 2, respectively, for ail three RRA configura-
tions. The extinction ratios (ERs), defined as the ratio of the 
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Fig. 2. Generation of 40-GHz pulse trains with binary code profiles (1101 and 
1010) al Output 1 and Output 2 using 2-D RRA configurations: (a) 3 x 3; (b) 1 x 
9; (c) 9 x 1. The device parameters are given in Table 1. 
TABLE 1 
PARAMETERS OF THREE RRA CONFIGURATIONS FOR GENERATION OF A PAIR 
OF 40-GHz PuLSE TRAINS WITH 1101 AND 1010 BINARY CODE PROFILES 
Through-Amplitude Phase Shift rp (xxlI6) 
t=·b-K 
3x 3 {0.04, 0.34, 0.90, 0.71} {27, 27, 20} 
{O.IO, 0.47, 0.95, 0.71} {l, 18, 3} 
{0.41, 0.23, 0.38, 0.71} 17,24,1) 
l x 9 {0.96} {7} 
{0.78} {31 } 
{0.78} {6} 
{0.40} {7} 
{0.95} {13} 
{0.81} {14} 
{0.79} {31} 
(0.76} (18} 
{0.86) J21} 
9xl {0.59, 0.4, 0.43, 0.76, 0.69, (6, 2,15,29,27,7,9, 
0.78,0.85,0.63,0.01) 23,7} 
Notes: 
(1) Parameters of the rings at co/umn n are inc/uded in the n'h {} 
smallest intensity of the "1"s to the largest intensity of the "O"s, 
are ail greater than 20 dB. However, code "1101" in Fig. 2(b) 
and code "1010" in Fig. 2(c) both suffer considerable energy 
loss. This is partially because one of the output signaIs prop-
agates through a longer path and suffers a greater waveguide 
loss than the other output. Therefore, 2-D RRAs exhibit advan-
tages in terms of energetic efficiency (the two output signaIs 
propagate similar path lengths) in addition to being more com-
pact. Note that in [9], we demonstrated the use of lattice-form 
Mach-Zehnder interferometers (LF-MZIs) for PRRM with bi-
nary code profiles. Although a nine-stage LF-MZI can generate 
similar results, there are large losses at the output due to the long 
propagation paths. Moreover, a nine-stage LF-MZI may require 
more space than RRAs. 
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(b) after the NOLM. 
We now consider practical limitations such as imperfections 
on the PRRM and envelope shaping process. In particular, we in-
vestigate the impact of fabrication errors in t and cp of each ring 
element. For illustrative purposes, we consider the 3 x 3 array 
that generates the binary code profile "1101". We assume that 
the fabrication error is uniformly distributed in a range of 0% to 
1 % for both t and cp and obtain the ER based on these imper-
fect parameters. We repeat the simulations 1000 times and de-
termine the average ER for the device. The results show that the 
fabrication errors should be <0.5% in order to keep the ER > 
15 dB. We note that programmable ring-resonator-based inte-
grated photonic circuits with accurate vertical coupling struc-
tures for t and independent con troIs for the phase shift cp have 
been demonstrated recently [Il]. This indicates the practicality 
and feasibility of our temporal domain approach for PRRM and 
binary code generation. 
Since a large amount of phase manipulations are involved 
in the PRRM process, the input pulse train undergoes a 
pseudomultiplication process. As such, the output exhibits 
pulse-to-pulse phase variations, which can be evidenced from 
the 10-GHz peaks in the corresponding spectrum. This problem 
can be solved using a nonlinear conversion stage based on 
cross-phase modulation (XPM) in a wavelength-converting 
nonlinear opticalloop mirror (NOLM) [12], [13]. In the wave-
length-converting NOLM, a continuous-wave (CW) signal is 
sampled by the pulse trains with binary code profiles through 
XPM. When the pulse train is tumed OFF, the CW signal is 
reflected by the NOLM; on the other hand, switching (or trans-
mission) occurs when the CW signal acquires a nonlinear phase 
change of 7r. To illustrate, we launch the output pulse trains 
from the RRAs into the NOLM comprising a 2.5-km highly 
nonlinear fiber (HNLF) with Aeff = 11 Il,m2 and a zero disper-
sion wavelength at 1551 nm. The nonlinearity 1 of the HNLF 
is 20 W- l . km- l . The probe and pump wavelengths are 1546 
and 1557.4 nm, respectively. Fig. 3 compares the spectrum of 
the generated pulse train with binary code profile "1101" before 
and after the NOLM. Clearly, the spectral spacing of 40 GHz 
2001 
at the NOLM output indicates a "true" 40-GHz pulse train, as 
opposed to the 10-GHz spacing at the input. 
IV. SUMMARY 
We have numerically demonstrated the use of RRAs to 
generate a pair of 40-GHz pulse trains with binary code profiles 
"1101" and "1010". Other binary code profiles or arbitrary 
envelopes can also be generated by optimizing the RRA pa-
rameters. Since the RRAs perform both amplitude and phase 
filtering, the output will exhibit pulse-to-pulse phase variations. 
However, these variations can be removed using a NOLM. We 
believe that the se results demonstrate the great potential of 
RRAs for ultrafast photonic signal processing. 
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